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Preface 



About three decades after the first experiments on deep inelastic lepton- 
hadron scattering began to investigate the structure of hadrons, the history 
of this fruitful field of particle physics continues in the broad spectrum of 
research performed at the electron- and positron-proton collider HERA at 
DESY, where the multipurpose detectors ZEUS and HI access ep scattering 
at a center-of-mass energy of 300 GeV and explore as yet uncharted kinematic 
realms of deep inelastic scattering. 

After the first years of data taking at HERA, each of the experiments has 
collected a total of roughly 40pb~^ of e+p data, yielding sensitivity to deep 
inelastic e+p interactions at high four-momentum transfers, Q^, where typi- 
cal cross sections drop into the subpicobarn regime. This kinematic domain 
is characterized by electroweak unification, manifesting itself most markedly 
in the neutral- and charged-current cross sections, which approach an equal 
order of magnitude as rises above the square of the W and Z masses. 
Consequently, HERA allows, for the first time, studies of both types of pro- 
cesses simultaneously with the same initial-state conditions and in the same 
detector, and thus we can investigate the interplay of electroweak and strong 
forces governing the respective cross sections. 

Positron-proton reactions at HERA involve positron-quark interactions 
at center-of-mass energies up to more than 200 GeV, providing an ideal sce- 
nario in which to search for phenomena beyond the current standard model 
of particle physics. In 1997, both ZEUS and HI reported an excess of events 
at the highest Q'^ over predictions derived from lower-energy measurements 
which were extrapolated to the HERA regime by using the standard model. 
These observations have aroused worldwide interest and have triggered in- 
tense work both on theoretical aspects and on investigations of the experi- 
mental data. 

This report summarizes the theoretical concepts related to deep inelas- 
tic scattering at high Q'^ and compares the resulting predictions with the 
latest experimental results on neutral-current and charged-current e+p cross 
sections with above some 100 GeV^. Particular emphasis is laid on the 
description of theoretical scenarios of processes beyond the standard model 
which might become visible in deep inelastic scattering at HERA, and on 
the experimental searches for the corresponding signatures. A detailed ac- 
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count is given of the experimental techniques and analysis strategies applied 
at HERA, and of the evidence provided by the data. 
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1. Introduction 



The great achievements in particle accelerator science over the past several 
decades have permitted physicists to study structures and interactions of 
particles at ever smaller distance scales. The field of deep inelastic scattering 
(DIS) of leptons on hadrons started out with the experiments at SLAG in the 
late 1960s, which observed a granular substructure of the nucleon and paved 
the way for the success of the quark-parton model. Remarkable progress was 
later achieved by a series of fixed-target experiments at CERN and FNAL 
with electron, muon and (anti)neutrino beams of energies up to several hun- 
dred GeV.^ 

A breakthrough to new frontiers became possible when the first-ever 
lepton-hadron collider, HERA, at the DESY laboratory came into opera- 
tion in 1992. HERA provides head-on collisions of electrons or positrons with 
protons at a center-of-mass energy of approximately 300 GeV, an order of 
magnitude above previous experiments. Two multipurpose detectors, ZEUS 
and HI, are installed at HERA to analyze the electron-proton (ep) reactions.^ 
By the end of 1997, both detectors had recorded data (mostly e+p) corre- 
sponding to integrated luminosities of 48.9 pb“^ and 42.7pb“^, respectively. 

These data have yielded a wealth of new information about a variety of ep 
interaction classes, which are interrelated by the common principles govern- 
ing the dynamics of what we consider to be the elementary building blocks of 
matter. One intuitive way to categorize ep reactions is by the signatures they 
leave in the detectors. Important reaction classes of this kind - which are not 
necessarily mutually exclusive - are, e.g., neutral-current (NG) DIS (the scat- 
tered electron is identified in the central detector), charged-current (GG) DIS 
(the final-state neutrino causes large missing transverse momentum), photo- 
production (interaction of the proton with a quasi-real photon emitted by the 
electron, the latter escaping through the beam hole), diffractive scattering 
(the proton remains intact, there is no energy flow in a cone around the pro- 
ton direction) and production of exclusive final states like vector mesons. As 
may be anticipated, ep reactions probe different aspects of the dynamics and 

^ Throughout this book, we use fi = c = 1 and multiples of electronvolts (eV) as 
units for energies, momenta and masses. In particular, 1 GeV = 10® eV. 

® The term electron will generically denote both e~ and e^, unless explicitly stated 
otherwise. Similarly, neutrino will be used both for v and for v. 
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1. Introduction 



structure of the proton, photon and electron and therefore allow us to study 
both the electroweak and the strong sectors of the standard model (SM). 

From analyzing differential cross sections and final-state topologies of var- 
ious ep reaction classes, an impressive spectrum of new results has been de- 
rived and published. Prominent amongst these are measurements of the pro- 
ton structure functions of multijet production in both photoproduc- 

tion and deep inelastic reactions [12]-[26], of inclusive cross sections and final- 
state properties of diffractive processes [27]-[35], of exclusive vector-meson 
production [36]-[39] and of total photoproduction cross sections [40, 41]. The 
first two categories open unique new testing grounds for quantum chromody- 
namics (QCD, the SM gauge theory of strong interactions) in its perturbative 
regime. However, one can also study these two categories and the other re- 
action classes in kinematic regimes where they receive contributions from 
processes without “hard” scales where the QCD perturbation series is not 
expected to converge, and thus investigate the transition to phenomenolog- 
ical models like the Regge formalism. Examples of such border areas, into 
which the HERA experiments have provided new insights, are DIS at very 
low four-momentum transfers between electron and proton, the partonic as- 
pects of diffraction and the dynamics of exclusive vector-meson production. 
The physics potential of HERA has been comprehensively explored in the 
workshops Physics at HERA held in 1994 [42] and Future Physics at HERA 
held in 4995/96 [43]. Recent reviews cover the investigation at HERA of ep 
collider physics [44], DIS [45], structure functions [46], the photon structure 
[47], QCD [48] and exclusive vector-meson production [49]. 

Both HERA collaborations are also investigating ep DIS at four-momen- 
tum transfers far beyond the reach of previous fixed-target experiments. The 
distinctive feature of these reactions is that they are mediated by the t- 
channel exchange of a space-like gauge boson, with virtuality scales reaching 
beyond the masses of the heavy gauge bosons W and Z. NC and CC in- 
teractions at such four-momentum transfers occur at comparable rates, and 
the study of DIS in this kinematic regime hence provides access to man- 
ifestations of the unification of electromagnetic and weak forces. The first 
ZEUS and HI measurements of the NC and CC cross sections at high four- 
momentum transfers [50]-[54] still suffered from large statistical uncertain- 
ties, but agreed within errors with the predictions derived from lower-energy 
structure function results which were extrapolated to the HERA domain us- 
ing the SM prescription. Also, no signs of new phenomena were found in 
searches for nonstandard electron-quark interactions [55]-[65] and for other 
hypothesized non-SM processes [66]-[70]. However, the increased data sam- 
ples and refined analysis methods available after the 1996 running period 
revealed an indication of possible deviations from the SM: both experiments 
observed an excess of events at very high four-momentum transfers and at 
electron-quark invariant masses of roughly 200 GeV [71, 72]. Meanwhile, re- 
sults from analyses of the complete 1994-97 data sets are available (albeit 
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partly preliminary) on high-Q^ DIS cross sections [73]-[75] and on searches 
for phenomena beyond the SM [76]-[88]. These measurements do not cor- 
roborate the previously observed excesses, but on the other hand they also 
cannot exclude the existence of anomalies. The situation has hence arrived 
at a point where conclusive statements about the existence and origin of 
non-SM signals in ep scattering appear to be possible only in the distant 
future. In addition, an immense spectrum of phenomenological work points 
into different directions which have to be illuminated by experimental facts. 

In this situation, it seems appropriate to take stock of the status of exper- 
imental investigation of DIS reactions in the regime of high momentum trans- 
fer which has been made accessible by HERA {Q^ above some 100 GeV^), of 
theoretical suggestions, and of the many bits and pieces which were used to 
construct the “established knowledge” against which the experimental data 
is tested. In Chap. 2 we first review the ingredients of the DIS cross section 
predictions in the SM framework and discuss a selection of those hypothe- 
sized scenarios beyond the SM which would manifest themselves in reactions 
with DIS-like event topologies. In Chap. 3 we then summarize the relevant 
experimental techniques and describe the data samples and, finally, present 
in Chap. 4 the experimental results and their comparisons with predictions 
and models. We cover e^p measurements publicized up to the beginning of 
2000, and only in a few places allude to preliminary e~ p results derived from 
the 1998 and 1999 data. An outlook on the future experimental investigation 
of DIS and related processes (Chap. 5) and a summary (Chap. 6) conclude 
the book. Before embarking on this program, a few more introductory pages 
will provide a synopsis of the historical achievements of DIS experiments, a 
summary of the HERA parameters and performance since 1993, and an intro- 
duction to DIS kinematics and typical event topologies, defining the notions 
used in the following sections. 



1.1 History of Deep Inelastic Scattering 

Deep inelastic scattering in the contemporary sense implies accelerator-based 
experiments with center-of-mass energies sufficiently large to produce mul- 
tiparticle final states. Even so, the first successful application of the basic 
principle of DIS was the famous experiment by E. Rutherford et al. [89] 
which dates from 1911, when the highest particle energies available for ex- 
perimentation were those released in radioactive decays. Bombarding a target 
of unknown structure (a gold foil) with a beam of a-particles, Rutherford de- 
duced from the distribution of scattering angles the existence of “pointlike” 
charged structures inside the gold which carry almost all of the bulk mass - 
the discovery of the atomic nucleus. 

Five decades later, the fundamental tenets of relativity and quantum me- 
chanics, and their development to relativistic quantum field theory, had es- 
tablished the theoretical basis on which particle reactions were described. In 
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the late 1950s, the experimental verification of parity violation in beta de- 
cay [90] and the postulation of the V—A theory as an improved extension of 
Fermi’s description of four-fermion interactions [91] had laid the foundation 
of the theory of weak interactions. At that time, the spectrum of known par- 
ticles comprised the electron and the muon and their antiparticles, the neu- 
trino, the nucleons and a variety of further hadrons, including some carrying 
strangeness. Gell-Mann and Ne’eman [92] suggested in 1961 the “Eightfold 
Way” as an ordering scheme for the hadrons, and 1964 it was postulated^ 
that the underlying fundamental triplet representation is actually realized 
in nature in the guise of three fractionally charged quarks, which are the 
building blocks of hadrons. However, the failure of searches for free quarks 
jeopardized this ansatz and impeded further progress. It was in this situa- 
tion in 1969 that the SLAG DIS experiments with multi-GeV electron beams 
verified the substructure of the nucleon [91] in much the same way as Ruther- 
ford demonstrated the existence of nuclei: they observed a scattering-angle 
distribution compatible with the existence of pointlike constituents {partons ) 
inside the nucleon, rather than a continuous charge distribution in a sphere 
of the nucleon radius (which was known to be of the order of 10”^^ m at 
that time). Furthermore, initial measurements of the nucleon structure func- 
tions revealed the scaling behavior predicted by Bjorken [95]. These results 
stimulated Feynman to postulate the quark-parton model (QPM) [96], which 
identified the partons with the quarks and provided a natural explanation for 
the Bjorken scaling. 

In the following years, DIS experiments with electrons at SLAG and with 
neutrinos at GERN confirmed that the properties of the nucleon constituents, 
i.e. the partons, are actually consistent with those assigned to the quarks. 
A further historical step towards constructing the SM was the discovery of 
weak neutral currents [97] in neutrino DIS in 1973, supporting the Glashow- 
Salam-Weinberg (GSW) model [98] of spontaneously broken SU(2 )l x U(1)y 
electroweak local gauge symmetry. The period between 1974 and 1981 was 
then marked by the discoveries of the charm quark, the r lepton and the 
bottom quark. A consistent picture of properties and dynamics of the now 
three families of fundamental particles began to consolidate when the next 
generation of DIS experiments with muon and neutrino beams at GERN and 
FNAL became operational in the late 1970s and early 1980s, using beams of 
energies up to several hundred GeV and increased intensities. The study of 
DIS in these experiments (EMG, BGDMS, NMG, E665 with muons, BEBG, 
GDHS(W), GHARM and GGFR with neutrinos) contributed two essential 
blocks of information: the confirmation of the GSW predictions for the weak 
mixing angle and coupling constants, and the high-precision assessment of 
the nucleon structure functions and parton distributions. 

The GSW theory not only successfully passed the tests of the DIS experi- 
ments but also predicted the existence and masses of the heavy gauge bosons 

A collection of original papers can be found in [93]. 
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and Z (which were discovered in 1983 in pp collisions at CERN [99]), 
and has meanwhile been verified to the radiative-correction level of precision 
by the LEP experiments at CERN. The other sector of the SM, the QCD, re- 
ceived two crucial pieces of support from the structure function measurements 
in DIS: (i) the evidence for gluons, deduced first indirectly from the observa- 
tion that the quarks carry only about half of the nucleon momentum (early 
1970s [100]) and later directly from the observation of reactions of the type 
e+e“ — > 3 jets at the e+e“ accelerator PETRA at DESY (1979 [101]); and 
(ii) the discovery (late 1970s) and precise determination (1980s) of violations 
of Bjorken scaling, which are quantitatively predicted by the QCD evolution 
equations [102]. An impressive spectrum of further corroborating experimen- 
tal results in conjunction with theoretical progress finally established QCD as 
the standard theory of strong interactions. DIS remains today one of the most 
important sources of experimental investigations of QCD and its parameters. 

The 1980s saw an ongoing effort of the fixed-target experiments to study 
DIS with growing precision and also with polarized beams and targets. How- 
ever, it was obvious that the kinematic reach of these experiments was limited 
and could only be overcome by an electron-hadron collider. Corresponding 
ideas were first summarized in 1979 in a feasibility study of the European 
Committee for Future Accelerators [103] and finally led to the HERA pro- 
posal [104], which was approved in 1984. The first ep collisions in HERA were 
achieved in 1991, and data taking has been in progress since 1992. 



1.2 The HERA Collider: Parameters and Performance 

The HERA accelerator facility at Hamburg, Germany, consists of two sepa- 
rate synchrotron storage rings of 6.336 km circumference which are equipped 
with superconducting and normal-conducting magnets for the protons and 
electrons, respectively. Four interaction regions are available, two of which ac- 
commodate the multipurpose detectors ZEUS and HI recording ep reactions. 
A third experiment, HERMES, studies polarized lepton-nucleus scattering 
on an internal target. In the fourth interaction region the HERA-B exper- 
iment is being set up, which will use the proton beam halo in fixed-target 
mode to investigate decays of bottom mesons. 

During the past years of operation, HERA has collided longitudinally 
unpolarized positrons and protons with beam energies of Eg = 27.5 GeV and 
Ep = 820 GeV, respectively. Since 1996 beam currents of typically 40 inA (e+) 
and 70 mA (p) have been achieved, distributed in about 180 (190) bunches in 
the p (e) beam, some of which were left unpaired for background studies. The 
bunch colliding frequency was 10.4 MHz; the length of the interaction region 
(about 12 cm, except in 1993, when it was about 20 cm) was determined by 
the proton bunch length. 

The history of the HERA parameters and of the integrated luminosities 
delivered to ZEUS and HI are summarized in Table 1.1 for the period relevant 
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Table 1.1. HERA beam energies and integrated luminosities in the period 1993- 
97. Note that the delivered lumiirosity includes all ep collisions provided by HERA 
and is slightly different at the two interaction regions (quoted for ZEUS here). The 
integrated luminosities actually usable for physics analyses are summarized in the 
last four columns 





Beam 


energies 


Integrated luminosity (pb ^) 


Year 


(GeV) 


Delivered 


ZEUS 


HI 




Ee 


Ep 


e p 


e"*"p 


e p 


e^p 


e p 


e~^p 


1993 


26.7 


820.0 


1.1 


— 


0.5 


— 


0.5 


— 


1994 


27.5 


820.0 


1.1 


5.1 


0.3 


3.0 


0.5 


3.2 


1995 


27.5 


820.0 


— 


12.3 


— 


6.6 


— 


5.5 


1996 


27.5 


820.0 


— 


17.2 


— 


10.7 


— 


9.6 


1997 


27.5 


820.0 


— 


36.4 


— 


27.7 


— 


24.5 



to this book. Note the changeover from electron to positron running in 1994, 
which avoided electron-beam lifetime limitations due to space-charge effects 
and resulted in an immediate increase of operation efficiency. 

During the 1997/1998 winter shutdown an improved electron vacuum 
system was installed, and from 1998 onwards HERA was operated at an 
increased proton beam energy of 920 GeV, corresponding to an ep center-of- 
mass energy of 318 GeV. Both ZEUS and HI have collected roughly 15pb“^ 
of useful e~p data up to April 1999, and subsequently more than 50 pb”^ of 
e~^p data. Gurrently, e~^p data taking is in progress. In a nine-month shut- 
down to be completed in the first half of 2001, a major upgrade of the HERA 
machine and the ZEUS and HI interaction regions is foreseen, yielding higher 
specific luminosities and the possibility to provide ep collisions with longitu- 
dinally polarized electrons and positrons. It is hoped that after this upgrade, 
substantially increased e~^p data samples will become available which may 
help to answer some of the questions left open by the available data. 



1.3 Deep Inelastic Scattering at HERA 

Deep inelastic ep scattering in its two major modes, NG and GG, proceeds in 
leading order (LO) via the two Feynman graphs shown in Fig. 1.1. Accord- 
ingly, the final state of these reactions consists of the scattered lepton (which 
is a neutrino and hence unobservable for GG reactions) and a partonic system 
(the scattered quark and the proton remnant) which evolves into observable 
hadrons by QGD radiation and fragmentation processes. 

HERA offers for the first time the possibility to observe the full spectrum 
of gauge boson exchanges in DIS simultaneously for a given initial state. In 
previous fixed-target experiments, processes involving the heavy gauge bosons 
could only be studied with neutrino beams, whereas electron and muon ex- 
periments were only sensitive to the photon exchange. A few characteristics 



1.3 Deep Inelastic Scattering at HERA 



7 





Fig. 1.1. Leading-order Feynman graphs for deep inelastic ep scattering, (a) for 
NC and (b) for CC reactions. Note that scattering on antiquarks, produced in the 
proton by virtual processes, would also be possible. The backward-pointing arrows 
for the antilepton lines (e"*", v) have been omitted for simplicity 



of NC and CC DIS events at HERA will be summarized in Sect. 1.3.2, after 
iirtroducing the relevant kiirematic variables in Sect. 1.3.1. 

1.3.1 Kinematic Variables 

The kiirematics of the DIS reactions in Fig. 1.1, aird of the their most promi- 
ireirt comrterparts with photoir radiation from oire of the electroir lines, are 
described using the followiirg four-momenta: 

k incoming electron, 

P incoming proton, 

fc' scattered electron or neutriiro, 

kry photon radiated from the initial- or final-state electron, 

q= k — k' — k^ exchanged gauge boson, 

= k — k' lepton four-momentum transfer. 

Of course q = qg in the absence of photon radiation. In addition to the 
particle masses, there are five relevant Lorentz invariants which can be formed 
from these four-momenta: 



s={k + Pf 


square of ep center-of-mass energy, 


(1.1) 


Q" = 


iregative square of four-momentum 
transfer. 


(1.2) 


x = Q^I{2q-P) 


Bjorken scaling variable x. 


(1.3) 


y={q-P)/{k-P) 


Bjorken scaling variable y, 


(1.4) 


W=^/{q + P)^ 


invariant mass of the hadroiric system. 


(1.5) 
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Whereas s is given by the beam energies, x, y and W characterize 
the kinematics of individual DIS reactions. In the QPM, where ep DIS is 
interpreted as the scattering of the electron on a quasi-free quark with zero 
mass and transverse momentum, x is the fraction of the proton momentum 
carried by the quark, and y is related to the scattering angle, 6*, in the 
electron-quark center-of-mass system: 

2/=i(l-cosr) (1.6) 

{6* = 0 corresponds to no deflection). Note that in some places lepton vari- 
ables will be used, which are marked by an index i and are derived from 
(1.2)~(1.5) by replacing q by qe. 

In the following, terms of the order 0{M'^/s) {Mp being the proton mass) 
and lepton mass terms will be neglected (even for v^p pX scattering, where 
the lepton mass corrections are largest, they turn out to be negligible in the 
relevant kinematic domain). In this approximation, the following relations 
hold: 

Q‘^ = xys, (1.7) 

- = (1 -x)j/s , (1.8) 

demonstrating that for given s only two of the four variables defined in (1.2)- 
(1.5) are independent. Note, however, that for radiative events the photon 
four-momentum, k^, has to be known to evaluate these variables. The fre- 
quent and experimentally relevant case of an emission of a photon which is 
approximately collinear with the incoming electron can be described by an 
effective reduction of the electron beam energy, i.e. the photon energy, if.^, 
alone suffices to quantify k — k^. Note that this case corresponds to a reduced 
center-of-mass energy, s = s{l — E-^/Ee). 

A detailed account of the reconstruction of kinematic variables from ex- 
perimentally measurable quantities is given in Sect. 3.3. Here we only want 
to quote the relations between x,y,Q^ and the energy, E' , and scattering 
angle, 6i, of the final-state lepton in the laboratory system^ which hold for 
kj = 0 (“electron method”, see Sect. 3.3.3); note that here, in contrast to 
the center-of-mass case in (1.6), = 180° corresponds to no deflection: 



= 2EeE'{l + cosee) , 


(1.9) 


Ee E'{1 COs9i) 

^ ~ Ep 2Ee- E'{l-cos9e) ’ 


(1.10) 


E' 

y = l- — (1 -cos6»f) . 


(1.11) 



^ Both ZEUS and HI use a right-handed coordinate system with the Z axis point- 
ing into the proton beam direction (referred to as “forward”) and the X axis 
horizontal, pointing towards the center of HERA. Polar and azimuthal angles 
are defined with respect to this system in the usual way. 
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Evidently, reactions at > lO^GeV^ require leptons scattered at angles 
significantly less than 180° and with energies exceeding about 10 GeV. In 
general, this also implies large lepton transverse momenta, p[ = E' sin Oi. 

Although the variables defined in (1.1)-(1.5) are sufficient for inclusive 
studies, it will also be useful to consider single particles with momenta p, 
which are characterized by the polar and azimuthal angles in the laboratory 
system, 9 and 4>, and by |p|. Two derived single-particle quantities are 



1.3.2 Characteristics of High-Q^ NC and CC Reactions 

For the kinematic domain under study here, the final-state lepton typically 
has a transverse momentum of at least 0(10 GeV), which is balanced by the 
hadronic system, implying that the lepton and the hadrons are well sepa- 
rated in space in most cases. The topology of the hadronic final state reflects 
the pattern of partons emerging from the electron-proton scattering process: 
high-momentum quarks or gluons give rise to jets, i.e. bundles of hadrons and 
their decay products collimated along the direction of flight of the original 
parton. High-Q^ DIS events at HERA usually contain one jet in the proton 
direction (proton remnant jet) and one or more jets with high transverse mo- 
mentum (current jet plus possibly further jets caused by hard QGD radiation 
processes). Event topologies with n jets in addition to the proton remnant 
jet will in the following be denoted by the shorthand “(n-l-l)-jet” . 

In order to relate the kinematic variables of DIS to each other and to 
typical event topologies, Fig. 1.2 depicts the scattering angles and energies of 
the electron and quark as a function of x and y. The QPM picture of quasi- 
free, massless quarks, as well as the absence of QED radiation (i.e. = 0), 

has been assumed for relating x and y to the angles and energies. For simple 
(l-l-l)-jet topologies, the displayed quark angle approximately corresponds 
to the polar angle of the current jet. 

Event displays of two archetypal (l-l-l)-jet high-Q^ ep DIS reactions are 
shown in Fig. 1.3: an NG event in the HI detector and a GG event in ZEUS 
(both detectors and their relevant components are presented in detail in 
Sect. 3.1). 

In the NG event, the scattered positron is identified by its characteristic 
topology: one high-pt track pointing to a well-localized and isolated energy de- 
posit in the innermost section of the calorimeter. In contrast to the positron, 
the hadronic system is a multiparticle state containing (1-1-1) jets, charac- 
terized by several tracks and by hadronic showers in the calorimeter which 
penetrate into its outer sections and are laterally much more extended than 




pseudorapidity 



( 1 . 12 ) 

(1.13) 



Pt = IpI sin 9 



transverse momentum . 
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Fig. 1.2. Event topologies of DIS reactions at HERA for beam energies = 
27.5 GeV and Ep = 820 GeV. Each event pictogram shows the directions in which 
the lepton {upper arrow) and quark {lower arrow) are emitted, where x and y are 
indicated by the position of the central dot. The electron and quark energies in GeV 
are denoted by the numbers next to the arrows. The QPM assumption of quasi-free, 
zero-mass quarks has been used to calculate the angles and energies. The dashed 
lines indicate constant values of (given in GeV^ on the right margin) 



the electron shower. The CC event has similar hadronic activity, but there is 
no sign of a scattered electron: the final-state neutrino escapes detection and 
leaves the typical “missing transverse momentum” signature. 

The experimental detection and reconstruction of DIS events crucially 
depends on identification and measurement of the scattered electron (in NC 
events) and on a good survey of the hadronic system. Correspondingly, par- 
ticular problems are posed by NC events with the electron outside the geo- 
metrical acceptance of the central tracking detectors, or by events with the 
current jet close to the beam hole, at the edge of calorimetric coverage. From 
Fig. 1.2 it becomes obvious that very forward-going electrons appear at high 
values of y, whereas low y implies forward-going hadronic jets. 
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Fig. 1.3. Event displays of high-Q^ e~^p reactions: an NC event in the HI de- 
tector {top) and a CC event in ZEUS {bottom). The left parts of both pictures 
show vertical sections through the detectors along the beam direction, with the 
positron entering from the left and the proton from the right. The tracks recon- 
structed from the hits in the inner tracking chambers and the energy deposits in the 
surrounding calorimeters are indicated. The two displays at the right show trans- 
verse sections through the central detectors and the flow of transverse energy in the 
pseudorapidity-azimuth plane, respectively. The reconstructed kinematic variables 
of each event are indicated on top of the displays (M = y^lrs). Note that the topolo- 
gies of both events are similar, except that the scattered lepton (identified as a track 
and energy deposit in the top half of the NC display) is missing in the CC event 




2. Deep Inelastic ep Cross Sections 



Confronting theoretical predictions for DIS cross sections with experimental 
measurements serves both to test the underlying theories and to extract in- 
formation characterizing the reacting particles, such as structure functions or 
parton distribution functions (PDFs). For both purposes, an exact knowledge 
of the theoretical expectation and of its uncertainty are crucial. 

The first few of the following sections review the theoretical and experi- 
mental ingredients of the standard-model (SM) prediction for deep inelastic 
ep cross sections and consider the different sources of uncertainty. Thereafter, 
selected phenomenological models are described which apply to DIS or in- 
volve reactions with DIS-like event topologies and potentially could modify 
the measured DIS cross sections at high Q^. Many of these models - in- 
cluding modifications in the PDF sector and theoretical concepts beyond the 
SM - have been suggested as possible explanations of the HERA excess of 
events in this kinematic region. The different scenarios are discussed with re- 
spect to their compatibility with the experimental results, and also regarding 
distinctive signatures which might serve to differentiate between them. 

Although the kinematic region of interest for this book is defined by 
above some 100 GeV^, it is important to note that the predicted cross sections 
depend strongly on experimental results obtained at lower energy scales, in 
particular on structure-function measurements in fixed-target deep inelastic 
scattering experiments at much smaller values of Q^. Hence, the range 
in which methods of perturbative QCD (pQCD) are used and have to be 
quantitatively understood extends down to values of a few GeV^, reaching 
the domain where their applicability becomes questionable (since the strong 
coupling constant, as, approaches unity), and where higher-twist terms of 
0(l/(5^") cannot be neglected. 

The use of the term deep inelastic is not unambiguous or well-defined. 
In the following, “deep inelastic” is understood to characterize a kinematic 
domain where is large enough to serve as the hard scale for pQGD. 

2.1 Deep Inelastic Scattering in the Standard Model 

One of the striking successes of the first-generation fixed-target DIS exper- 
iments was to establish the concept of pointlike, quasi-free constituents of 

Ulrich F. Katz: Deep Inelastic Positron-Proton Scattering 

in the High-Momentuni-Transfer Regime of HERA, STMP 168, 13-72 (2000) 

(c) Springer-Verlag Berlin Heidelberg 2000 
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hadrons, the partons, with which the leptons react (quark-parton model, 
QPM) . By relating the cross sections of different reactions to the parton con- 
tent of the respective initial-state hadrons and to the quantum numbers of the 
partons, this approach provided predictive power and helped us to understand 
the properties of the partons. Even today the fundamental QPM structure of 
DIS cross sections (i.e. products of PDFs and lepton-parton cross sections) 
still holds, though a much more rigorous theoretical treatment than thirty 
years ago is employed to reach this conclusion. The two basic ingredients of 
DIS cross sections are the matrix elements for lepton-parton interactions (the 
so-called hard subprocesses), which are governed by the electroweak sector of 
the SM, and the PDFs, which include the effects of the strong interaction 
and are, at sufficiently high Q^, subject to pQCD calculus. 

After the leading-order differential cross sections are introduced in Sect. 
2.1.1, theoretical aspects and uncertainties related to QCD and electroweak 
radiative corrections are summarized in Sects. 2.1.2 and 2.1.3, respectively. 
The experimental data constraining the PDFs and the parameters governing 
the lepton-parton matrix elements, and the corresponding associated sources 
of uncertainty, are reviewed in Sect. 2.1.4. In Sect. 2.1.5, the fit procedures 
applied to derive PDF parameterizations are discussed. Finally, some figures 
illustrating the most relevant PDF and cross section results and the corre- 
sponding error estimates are collected in Sect. 2.1.6. 

The calculation of the inclusive DIS cross sections involves implicit sum- 
mation over the degrees of freedom of the hadronic final state, which are 
therefore irrelevant for the above discussion. However, their accurate mod- 
eling is a necessary prerequisite for applying simulation techniques in the 
analysis of experimental data to infer acceptance and migration corrections 
as well as background estimates. It is hence mandatory to test the models 
employed and to be aware of their imperfections. A synopsis of the stan- 
dard approaches to assigning hadronic degrees of freedom to given partonic 
final-state configurations of lepton-hadron reactions is given in Sect. 2.1.7. 

2.1.1 The Leading-Order Differential Cross Sections 

In the QPM, the PDF Pi/h{x) is defined to be the probability density to find 
a parton of type i carrying a fraction x of the momentum of a hadron h. In 
order to simplify the notation, the proton PDFs will be abbreviated using the 
customary quark flavor symbols, i.e. u{x) = Pu/p{x) for the u quark density 
etc., or q{x) in sums where q runs over multiple flavors and/or over quarks 
and antiquarks. Likewise, the gluon density will be denoted by g{x). 

By supposing that a charged lepton {€} or a neutrino scatters on 
a parton without initial transverse momentum with respect to the hadron 
direction of flight, and that all partons involved in the process are massless, 
the relevant x for a given DIS reaction is identified to be the Bjorken scaling 
variable defined in (1.3). In the following we already use the fact that the 
PDFs acquire a dependence owing to QCD corrections to the simple QPM 
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picture (see Sect. 2.1.2). The leading-order (LO) cross section for lepton- 
proton scattering is then given by [96, 105, 106] 



^2^ip,Vp 

dx dQ2 



Q 



dQ2 






( 2 . 1 ) 



where is the cross section of the hard lepton-parton subprocess and q 
runs over all quark and antiquark flavors. The gluon does not contribute to 
this sum since it does not couple to leptons in leading order. Higher-order 
correction factors are absorbed into the quark PDFs. 

The neutral-current (NC) cross sections for electron-quark scattering, 
or equivalently for the scattering of other charged leptons on quarks, are 
calculated from the corresponding electroweak matrix elements: 




The couplings indicated in (2.2) are fixed by the SU(2 )l x U(1)y gauge 
structure of the electroweak theory and are given in units of the elementary 
charge, e. Qe and Qq denote the charges of the electron and the quark, and 
(veyCLe) and {vq,aq) are their vector and axial-vector couplings to the weak 
neutral current. For a fermion /, the latter are related to its charge, Q/, and 
the z component of its weak isospin, 1^: 



—Ij + 2 sin^ 0\v Qf 

2 sin 9w cos 0w 



and 



«/ = 



2 sin 0w cos 0w 



(2.3) 



where 0w is the weak mixing angle {Weinberg angle). Calculating 
from (2.2) and inserting it into (2.1) finally yields the LO cross section [107] 

^ o + r [1 - (!-»)>] ^3-} . (2.4) 



Y, [9(*.<3") + 3(*.C")] . (2.5) 

q—d,u,s,c,b 

Tf^{x,Q^)= Y. [9(x,Q')-g((T,Q')] . (2.6) 

q—d,u,s,c,b 

The are the NC structure functions.^ They contain the PDFs, the cou- 
pling constants and the coefficient functions Aq{Q'^) and Bq(Q^), given by 

^ Different conventions for defining and symbolizing structure functions are in 
widespread use. The iFi defined in (2.4)-(2.6) are related to the commonly used 
structure functions F 2 and F 3 by T 2 = F 2 /x and Fs = Fs . 
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(2.7) 

( 2 . 8 ) 



where 



AqiQ'^) = Qg- 2QqVeVq Pz + {v^ + a^)(v^ + a^) P| , 

Pqi^Q ) — q^e^q “t“ ^'^e^e'^q^q Pz i 



Q2 + m| 



(2.9) 



denotes the ratio of the Z and 7 propagators and a = e^/(47r) is the fine- 
structure constant. Note that the Z exchange and 7-Z interference contribu- 
tions to the cross section (2.4) are suppressed by Pz at low whence the 
high = 0{M‘^) accessible at HERA allows us for the first time to study 

DIS in a kinematic domain where these contributions have a similar size to 
that of 7 exchange. The IF3 term in (2.4) is parity-violating and is absent if 
Z exchange is neglected. Scattering on top (t) quarks is excluded from the 
sums in (2.5) and (2.6) since, in the absence of flavor-changing neutral cur- 
rents, it would imply final states containing ti pairs and hence exceeding the 
HERA center-of-mass energy. In contrast, the phase space reduction due to 
the masses of final-state charm or bottom particles is assumed to be negligible 
in high-Q^ NC reactions at HERA. The suppression of heavy quarks in the 
initial state is taken into account by the corresponding PDFs (see Sect. 2.1.2). 

For CC reactions, the equivalent to (2.2) is given by 



dg2 



Q' 




( 2 . 10 ) 



where the Vqq> denote the elements of the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix and, in units of e, the fermion-lE couplings are given by 



„,CC _ CC _ 

U j — (L f — 



^ 2-\/2sin0w 



( 2 . 11 ) 



As in the NC case, the CC ep cross section and the CC structure functions 
are obtained by inserting ct® " “<i into (2.1) [107]: 

dxdQ2 8sin'‘6»w + M^f 

x{[l + (l-y)2]pCC±^[l_(l_^)2]^CC±| ^ (2.12) 



^2.3^= E C«9(a^>Q')± E C,5(x,g'), (2.13) 

q—d,s,b q—u,c,t 

^2,3~ = E CqQ{x,Q'^)± E ■ 



(2.14) 
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The sign of the T'i term in (2.12) depends on the charge of the initial-state 
electron, whereas the signs in the right-hand sides of (2.13) and (2.14) are 
positive for and negative for Note that electrons and positrons couple 
to quarks and antiquarks of different flavor, as required by charge conserva- 
tion. d” ■ 

As a consequence of lepton flavor universality, the above discussion is valid 
for muon CC scattering (/i^p ^ ^17 ^X) as well. The cross section formulae 
(2.12)-(2.14) can also be applied to (anti) neutrino CC scattering (V^g ^ Iq') 
by replacing 

reversing the sign of the T 3 term in (2.12). 

The C factors in (2.13)-(2.14) are given by 

Cq = Wqq'\ ^q' i (2-15) 

q' 

where the Kg' quantify the phase space suppression of heavy final-state quarks 
q' and are, in general, functions of the kinematic variables (x, Q^) assum- 
ing values between zero and unity. In high-Q^ reactions at HERA, we have 
^ 2 , whence the production of the four lightest quark flavors is 
unrestrained to a good approximation, i.e. we use K,d,u,s,c = 1 (however, this 
approximation is not valid for fixed-target experiments with neutrino beams 
which probe the threshold region of charm production; specific assumptions 
on Kc have to be made in order to include their results in PDF parameter- 
izations). As in the NC case, the suppression of heavy quarks in the initial 
state is taken into account by the corresponding PDFs (see Sect. 2.1.2). 

CC processes with b or t quarks in the initial or final state are severely 
suppressed if they involve off-diagonal elements of the CKM matrix. Employ- 
ing the unitarity of the CKM matrix and the 90% C.L. upper limits on the 
third-family Vqqi values from [108], we arrive at 

1 - Cd = (1 - Kt) \Vtd\^ < jPwl" < 1.7 X 10-4 , 

1 - C- = (1 - ACf,) iKbl^ < \Vub\^ < 2.0 X 10-5 , 

1 - G = (1 - Kt) \Vtsf < \Vts\^ < 1.8 X 10-5 , 

1 - Cc = (1 - Kf,) < 1.8 X 10-5 . (2.16) 

Finally, the family-diagonal subprocesses e~ t vh and e+6 — > vt and their 

charge-conjugate counterparts are all associated with ep final states contain- 
ing a top quark or antiquark (either produced in the hard subprocess, or the 
“surviving” one of the initial virtual tt pair) and will be considered to be 
completely suppressed owing to the high top mass, rrit = (174.3±5.1) GeV 
[109]. Using this and again Kd,u,s,c = 1, one obtains 

Cb = [Kb! V jUcbl' < 1.8 X 10-5 , 

Ct = \Vtdf + \Vtsl'' <1.9x10-5, 



(2.17) 
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which demonstrates together with (2.16) that third-family quarks cair be 
safely ignored both in the iiritial and iir the final state of CC lepton-nucleon 
scatteriirg at HERA aird also iir lower-energy experimeirts. 

Explicitly making use of the approximations implied by (2.16) and (2.17) 
and inserting the Fermi constant, 

TTa 



Gf = 






evf^ 



\/2 sin^ 

the cross sections hr (2.12) can be written as 



)' = 



V2 



{ea^y 



(2.18) 



dxdQ2 27T \Q^ + M^) 



dv® 

da; dQ^ 



X 



^ q{x,Q^) + (1 



X 



27T \Q^ + M^) 

X] + (1 



q=u,c 



yf X 9(a;,Q^) 

q—d,s 

yf X 

q—d,s 



(2.19) 



(2.20) 



The use of (2.18) to eliminate a and sin^w from the cross section formula 
has the advantage of reducing the virtual electroweak radiative corrections 
to the perceirt level (see [107] and Sect. 2.1.3). 

The y terius hr (2.19) and (2.20) reflect the airgular dependeirce of 

± c-3 / 

(T® 1 caused by the V—A structure of weak interactions, which enforces 

deflirite helicities of the fermions participatiirg in the hard subprocess (left- 
handed fermions, right-handed airtifermions) . An initial state with feriuion 
nuiuber |E| = 2 carries spin 0 and produces an isotropic final state (da/dy is 
flat in y), whereas F = 0 implies spin 1 and a strongly forward-peaked cross 
section {dd/dy oc (1 — y)^ = cos^(0*/2), where (1.6) has been used). 



2.1.2 Including QCD Effects 

This section iirtroduces some aspects of the application of pQCD to deep 
inelastic scatteriirg by collecting the relevant basic arguments and formulae. 
The intention is less to present a formally correct and complete derivation of 
the central results, than to illustrate which theoretical concepts are applied 
and where the theoretical uncertainties originate from. A profound theoret- 
ical coverage can be found in [110]-[115], and recent reviews [44]-[46] cover 
theoretical and experimental aspects of hadron structure in the light of the 
HERA results at lower x and than discussed here. 

Let us assume for the moment that the PDFs Pi/h{0 of a hadron h are 
defined as in the QPM, i.e. Pi/h{0 denotes the probability density that a 
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parton of type i carries the momentum fraction ^ of h. In this case the 
lepton-hadron cross section can be written as 

1 

Q^) = J2 Jj Q') ’ (2.21) 



where is the cross section of the hard lepton-parton subprocess, x is the 
Bjorken scaling variable (see (l.o)), the sum runs over all partons in h and 
d^/^ is a relic of the Lorentz-invariant integration over the internal quark line 
(see Fig. 1.1). Note that ^ is a priori unrelated to x. Equation (2.21) is only 
valid in the limit of massless, collinear partons (i.e. for fc® /Q^, fc®j^ !Q^ « 1, 
where fc® is the four-momentum of parton i and fc®j_ is its momentum com- 
ponent transverse to the hadron direction of flight) . Actually, this condition, 
together with the assumption that the hadron mass is negligible, simultane- 
ously ensures that ^ can be consistently interpreted as the four-momentum 
fraction of the parton in the hadron. The requirement of vanishing hadron 
masses is formally met by a description in the infinite-momentum frame, 
where the hadron (and with it all partons) travels at the speed of light and 
hence the partons have no masses. However, one has to keep in mind that the 
experimental situation corresponds to finite momenta, so there are validity 
limits of (2.21) for low x or high parton masses. 

In the simplest case of a 2 — > 2 scattering ii ^ j with massless partons 
i and j, energy and momentum conservation require ^ = x, in accordance 
with the QPM interpretation of x as the momentum fraction carried by the 
struck quark. In this particular case, ct^® = <j^5{x/^ — 1) and the convolution 
integral reduces to the QPM cross section ■ 

However, once the partonic final state consists of more than one parton (e.g. 
because of gluon radiation) and hence in general has finite invariant mass, ct^® 
is nonzero for ^ > x. Taking into account the leading-order QCD processes 
contributing to two-parton final states in lepton-parton reactions as shown 
in Fig. 2.1, one obtains^ 



kj 









27T 



P{z) In ^ + f{z) + O 




( 2 . 22 ) 



In (2.22), z = x/^, tts is the strong coupling constant and is a cutoff mass 
or virtuality parameter regularizing the infrared divergences corresponding 
to collinear gluon emission or splitting. The singularity can be avoided 
by introducing an arbitrary but finite factorization scale /rf and subsequently 
absorbing terms of O [ln(/Xf /m^)] into Pi/hiO^ which becomes 

The QCD factorization theorem states that this procedure is process- 
independent and justified for all orders in as and in t = ln(Q ^ / and 
hence allows the use of the Pi/h{f, P{) in a consistent way in the context of 

The following discussion mostly adopts the line of argument of [110] and [112]. 
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Fig. 2.1. Leading-order Feynman graphs for lepton-parton reactions with two- 
parton final states: (a,b) gluon radiation, (c) gluon splitting 



pQCD applications to inclusive cross sections of reactions involving initial- 
state hadrons. Actually, the and not the original “bare” functions 

Pi/hiO enter the cross section formulae and are thus experimentally observ- 
able. The Pi/hi^j P{) ~ or rather the functions derived from them by applying 
the pQCD calculus described below - are identified as the QCD equivalent 
of the QPM parton distribution functions and are the objects which we have 
already used as PDFs in Sect. 2.1.1. 

Clearly, for high the remaining ln{Q^/iJ,j) term in (2.22) yields the 
dominant correction to ctqpm, which again can be absorbed into the PDFs 
by defining an additive correction term 

1 

5p,/h{x,Q^) = ^ In J +0{a^J) , (2.23) 

X 

inducing an effective dependence of the PDFs. Since (og In Q^) is not small 
compared with unity, the contributions to have to be taken into account 
to all orders in agt. This is achieved by turning (2.23) into a differential 
equation: 

= ^ / f ^ (i) 

X 

Note that the PDF in the integral kernel is evaluated at scale indicating 
that the factorization scale /if is taken to be Q^. This choice is not enforced 
by theory, and using alternatives like Pf jQ^ = const, yf 1 yields modifications 
of the f{z) term in (2.22). Equation (2.24) represents a simplified form of the 
DGLAP evolution equations [102] which govern the dependence of the 
PDFs in a given hadron type once these PDFs are known as a function of 
X for a fixed = Qq. It is important to observe that the integral in (2.24) 
only depends on the PDFs for ^ > x, indicating that the DGLAP evolution 
can be performed in a limited x range x > Xmin- 
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Let us look a little closer at the right-hand side of (2.24). The kernel 
function P{z) originates from the QCD splitting processes shown in Fig. 2.1 
and quantifies the probability that an incoming parton i undergoes one of 
the LO splitting processes {q qg, g ^ qq, g ^ gg) and thereby produces 
a parton j with momentum x. As a consequence, there are four independent 
such splitting functions Pji{z) for = q^g, and the full set of DGLAP 
equations includes integrals over the gluon densities which account for sea 
quarks produced by gluon splitting. For the proton, the DGLAP evolution 
equations can be written as 



_d 

dt 



UNS(2,^g2) 

V 5(x,g^) ) 



2tt 



' P DP 

U JTqg 

0 Pqq 0 

1 Pan 0 Paa 



q^^{x,Q'^) 

\ g{x,Q^) J 



(2.25) 



with 



q^{x,Q^) ='^[q{x,Q^) +q{x,Q^)] , (2.26) 

<7 

g^®(x, Q^) =gi(x, Q^) - 9i(x, g^) or 

q^{x, g^) - qj{x, g^) {i ^ j) , (2.27) 

1 

Pji 0 q{x, Q^)=Jj g") P (l) ■ (2.28) 

X 

The singlet distribution, q®(x, g^), includes all quark flavors which can be 
produced by gluon splitting at a given (see below for a discussion of 
heavy-quark PDFs). In the nonsinglet PDFs, g^®(x, g^), the contributions 
of Pqg cancel by construction since gluon splitting is independent of flavor 
and charge. Prominent examples for nonsinglet PDFs are the valence quark 
distributions, q-v{x, Q^) = q{x, Q"^) — q{x, Q^). 

Inserting (2.22) into (2.21) and using PDFs which are solutions of (2.25) 
finally results in 



1 









+ 

= Pj <^oPi/hix,Q'^) + e>(as) ■ 




(2.29) 



The leading (agt) terms are included in the effective PDFs, leaving only 0{as) 
corrections to the approximation which is obtained by inserting these PDFs 
into the QPM formula. 

Some important remarks about PDFs and the DGLAP evolution are ap- 
propriate at this point. 
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Dependence of PDFs and Spatial Resolution. The dependence of the 
parton distributions can intuitively be understood as a consequence of the fact 
that increasing the virtuality of a probe (like the gauge boson exchanged 
between lepton and hadron in DIS) corresponds to improving the spatial 
resolution, so that more virtual QCD subprocesses can be resolved and the 
probe “sees” e.g. a quark and a gluon instead of a quark carrying the sum of 
the momenta of both. 

This argument can be put on a more quantitative footing. The maximum 
transverse momentum kinematically allowed in one of the QCD splittings in 
Fig. 2.1 is given by [110] 

(fci)max = z=^ <1 . (2.30) 



Consequently, the integration over k± yields a probability to observe the 
result of a splitting which increases with growing Q^. Also, since the splitting 
is a virtual process, Heisenberg’s uncertainty principle applies and yields a 
transverse spatial resolution oc 1/ \f^. 

Universality of PDFs. Although an explicit probing process, i.e. eh scatter- 
ing, was assumed in the above synopsis, the evolution equations can actually 
be derived using QCD only (see e.g. [112]). The PDFs are hence process- 
independent global quantities characterizing the respective hadron. However, 
corrections of 0{as) or higher orders to the leading-order cross section in 
(2.29) are process-dependent and have to be taken into account explicitly 
in the respective calculations (see the paragraph on higher-order corrections 
below) . 

Running a^. So far, virtual QCD corrections due to Feynman graphs like 
those in Fig. 2.2 have been neglected. It can be shown that they are correctly 
accounted for by using in (2.25) the running coupling constant «s = as(<5^), 
which is a solution of the renormalization group equation (RGE): 






ain/x2 

/3o = 11 - 

/3i = 102 - 



47T 
2iVf 

38A^f 



(47t)2 



0{at). 



(2.31) 



where Ni is the number of quark flavors the gluon can split into {active 
flavors; see below for a discussion of the dependence of A^f). The term 
in (2.31) is the result of a next-to-leading-order calculation, i.e. it corresponds 
to the 0{as) term in (2.29). Similarly to the evolution (2.25), solutions of the 
RGE involve implicitly the resummation of all terms of O [(og In /^?)"] • 

The purpose of the renormalization scale in (2.31) is, similarly to 
that of fi{, to absorb infrared singularities into observable quantities. Usually 
hr — is considered a natural choice, which, however, is not fixed by theory. 



2.1 Deep Inelastic Scattering in the Standard Model 23 



e 



e 



e 



e 



e 



e 




Fig. 2.2. Leading-order Feynman graphs giving rise to virtual QCD corrections to 
lepton-parton scattering: (a) vertex correction, (b,c) self-energy corrections 

Making use of the convention of evaluating experimental measurements 
of cts at /Tr = the solution of (2.31) can be written as 



According to (2.32), the coupling constant as vanishes logarithmically in 
the limit oo (unless N{ > 16, which is, however, avoided by nature). 

This result, which is a consequence of the RGE and is true to all orders of 
pQCD, is called asymptotic freedom and resolves the seeming contradiction 
that partons can be considered as quasi-free in DIS while they are tightly 
bound in hadrons at the same time: the existence of a hard seale {Q^ in 
the case of DIS), which can be identified with allows us to “decouple” 
the hard subprocess from the nonperturbative soft physics which happens at 
energy scales of the order of hadronic masses. 

Following the above arguments, one would expect that the validity of 
the DGLAP equation breaks down for values for which as(/r^ = Q^) ap- 
proaches unity, i.e. for less than a few GeV^. Actually, the latest HERA 
structure function measurements at low [6, 11, 116] (see [16] for a detailed 
review of experimental data and theoretical aspects) have demonstrated that 
the range of validity extends down to 0.5-1.0GeV^, at least at small 
X < 0(10“^). This observation may indicate that actually as/ir is the rele- 
vant quantity which has to be smaller than unity, as argued by Gliick, Reya 
and Vogt [117]. For the objectives of this book, it is sufficient to state that 
the DGLAP evolution is expected to hold in the full range from the 
fixed-target data to the HERA high-Q^ domain. 

Higher-order Corrections. So far, terms of 0{as) in the cross section (2.29) 
and terms of 0{a1) in the evolution (2.25) have been neglected. This ap- 
proximation consistently takes into account terms of 0[(ast)”], resummed 
to all orders of n, and is usually named the leading-log approximation (LLA). 




Mill 

^s(M?)]J 



-k 



(2.32) 
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Actually, the leading-order (LO) results presented in Sect. 2.1.1 are of LLA 
type if the PDFs are solutions of the DGLAP equations. The terms LLA and 
LO are often (but not always) used synonymously. 

Adding higher-order diagrams to the hard-subprocess cross section re- 
sults in contributions of yielding corrections to the LLA formulae 

of the same order as those due to the f{x/^) term in (2.29). This not only 
implies that both types of terms have to be included at the next level of accu- 
racy (the next-to-leading-log approximation, NLLA), but also that it becomes 
ambiguous which of these terms are assigned to the PDFs. In particular, in 
the NLLA and higher orders it is no longer possible to assign all corrections 
to the PDFs in a process-independent way. Consequently, the structure func- 
tions introduced in (2.5), (2.6) and (2.13), (2.14) acquire corrections, which, 
in the representative case of are given by 



-r-NC 

■^2 



{x, Q^) = ^ (g + g) ® cl -F 5 0 Cf , 



Cliz) = Ql 



J(1 — z) -\ 2 ^ ^ f 2 {z) + C(as)^ 



Cl{z) = ^^f,{z) + 0{a.r , 



(2.33) 

(2.34) 

(2.35) 



where the folding operator 0 is defined in (2.28). The coefficient functions 
Cl’® differ for different structure functions and different processes and are 
furthermore related to the splitting functions in (2.25) by the factorization 
scheme, which fixes how the coefficient and splitting functions share same- 
order contributions. Note that any PDF set always has to be used together 
with coefficient functions calculated in the same factorization scheme and 
to the same order; inconsistent combinations will yield wrong results. Two 
factorization schemes are in widespread use: the DIS scheme (defined such 
that retains the simple form from (2.5) also in the NLLA), and the MS 
scheme [118], which has other advantages like preserving the momentum sum 
rule (see Sect. 2.1.4) to all orders in ag. 

It can be shown that the complete perturbation series of corrections of 
O(a^), including those beyond the NLLA, can be written as a sum over terms 
of ln"~‘(l/x)] according to the following scheme (see [119] and 

references therein) : 



a" In" (5^ X [ln"(l/x) -|- In" ^(1/x) -I- . . . ] LLA 

-I- a"ln"“^Q^ X [ln"(l/x) -I- ln"“^ (1/x) -I- . . . ] NLLA 

+ <ln"- 2 g 2 X [ln"(l/x) +ln"-^(l/x) + ... ] NNLLA 

-k • • • 



' BFKL ' (2-36) 

The LLA (NLLA) scheme discussed above corresponds to using PDFs 
which are solutions of the LO (NLO) DGLAP evolution equations and hence 
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include the first (first two) rows of (2.36), resummed to all orders of n. The 
abbreviation NLO {next-to-leading order), although often used synonymously 
with NLLA, refers to the next-to-leading order of the underlying hard sub- 
process but does not imply resummation. 

The summation over the ln(l/a;) terms is implicitly performed by assum- 
ing a certain x dependence of the PDFs at a fixed = Qq - It is expected that 
below some very small x, far outside the region of interest for this book, the 
leading logarithms of 1/x will dominate the perturbation series. Alternative 
evolution equations which are based on the summation of these logarithms 
have been derived by Balitskii, Fadin, Kuraev and Lipatov (BFKL) [120], as 
indicated in (2.36). This approach will not be pursued further here. 

Splitting and coefficient functions have been calculated in the LLA and 
NLLA (see [121, 122] and references therein), and progress is being made on 
the next-to-next-to-leading-log approximation (NNLLA) [121, 123]. For the 
calculation of cross section predictions for the HERA high-Q^ analyses, as 
well as for the Monte Carlo simulations, the NLLA prescription is used. 

The Longitudinal Cross Section. Both for NC and for CC scattering, the 
NLLA (and higher-order) cross sections receive a nonzero contribution from 
the respective longitudinal structure function, Jx, which is of the type of the 
0{as) contribution to (2.33) [110]; 



The coefficient functions and C® do not depend on the type r of the DIS 
reaction. The longitudinal cross section is sizable and dominated by the gluon 
distribution at low x, but for the kinematic regime considered here it only 
induces a small correction to the LO cross section. It is taken into account 
by the standard NLLA calculations. 

Higher-Twist Terms. With decreasing corrections of 0{1/Q'^^) to the 
perturbative results described above become important. They originate from 
the corresponding terms in (2.22), which are related to reinteractions of the 
struck quark with the hadron remnant and from target-mass effects. A set of 
leading terms of the higher-twist contributions related to finite target mass 
can be calculated using the operator product expansion [124]. However, cur- 
rently there is no complete theoretical description of higher-twist terms (see 
[46] for more details and [125] for some recent calculations). 




(2.37) 



(2.38) 



with 



J^lix,Q^) = J^^a^C[ + g®Cl. 



(2.39) 
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Lately, quantitative investigations of the size of higher-twist contributions 
to DIS structure functions [126, 127] have corroborated the expectation that 
higher-twist contributions are largest^ at high x and hence are concentrated 
at low W, indicating that they are irrelevant for the HERA data but play 
a role when deriving PDFs from fixed-target data at high x. Typically, a 
lower cutoff in W is applied in such analyses, and the results are checked 
with respect to their stability against variations of this cutoff. For the HERA 
high-Q^ analyses, higher-twist terms have been neglected. 

Scale Dependences. Two mass scales have been introduced in this section 
so far: the factorization scale and the renormalization scale Both are 
arbitrary scales, and any result obtained by taking into account the full theory 
must not depend on them. It is customary to identify these scales with 
and we have followed this convention without having mandatory reasons to 
do so. It can be shown that multiplying the scales pif or pc^ by constant 
factors corresponds to a modification of the next-higher-order terms in the 
RGE or the DGLAP evolution, i.e. of the lowest-order terms which have been 
neglected (and hence this has no effect in the limit of infinite order, i.e. if the 
full perturbation series is summed). 

Usually the sensitivity of cross section calculations to the scales pj and 
is evaluated by varying the scales in the range to with 

typical values = 4, and using the results as estimates both of the scale- 
related cross section uncertainties and of the impact of neglected higher-order 
QGD corrections. On the other hand, one can also argue that the relative 
difference between results obtained in two successive orders of accuracy in the 
pQGD expansion (often referred to as the K factor) may serve as an upper 
estimate of the contributions of higher-order corrections and hence also of the 
uncertainties related to the choice of factorization and renormalization scales. 
Some illustrations of the cross section modifications in the HERA high-Q^ 
domain corresponding to pt and pr variations by a factor /^ = 2 can be found 
in Sect. 2.1.6 (see in particular Fig. 2.12). 

Heavy Quarks. The charm (c), bottom (b) and top (f) quarks carry masses 
(me « 1.3 GeV, mi, « 4.3 GeV, m* w 174 GeV [108]) which are not necessarily 
negligible compared with the typical scales of HERA high-Q^ kinematics. As 
a consequence, the dynamical behavior of these heavy quarks differs from 
their lighter counterparts, both in their virtual interactions inside a hadron 
and in the hard subprocess of lepton-quark scattering. 

Virtual processes involving heavy quarks affect the RGE, (2.31), describ- 
ing the dependence of Og- The number of active flavors in the RGE, 
grows by one unit once increases beyond the threshold below which virtual 
splitting processes involving charm, bottom or top quarks are suppressed. The 
standard procedure [128] to approximate these thresholds in DIS is to assume 

^ Recently it has also been speculated that there may be significant higher-twist 
contributions in the BFKL regime at very low x, which, however, do not affect 
the high-Q^ domain at HERA. 
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Fig. 2.3. Examples of mechanisms for heavy-quark production: (a) boson-gluon 
fusion (BGF), (b) gluon one- loop correction to the BGF graph, (c) leading-order 
example of heavy-quark production in a scattering of the electron on a light quark 



a steady dependence of cts and a step-function-like increase iVf = 3 — > 4 
at = nil, fVf = 4 ^ 5 at and iVf = 5 — > 6 at Since iVf 

enters into the RGE dominantly via (3o = 11 — 2Ni/3, each flavor threshold 
corresponds to a change of the ln((5^) slope of as by 0(8%). 

There are two extreme approaches to calculating the cross section of deep 
inelastic reactions with a heavy quark in the initial state of the hard subpro- 
cess. In the variable-fiavor-numher scheme (VFNS, sometimes referred to as 
massless evolution), these cross sections are entirely assigned to heavy-quark 
PDFs, which are required to vanish for below some scale 
(qh = c, b, t) and are generated by the DGLAP evolution equation above 
this threshold. This ansatz was used e.g. for the earlier PDF parameteriza- 
tions by Martin, Roberts and Stirling [129, 130] (see Sect. 2.1.4). Alterna- 
tively, the fixed-flavor-number scheme (FFNS) assumes that heavy quarks 
are exclusively produced via boson-gluon fusion (BGF) (Fig. 2.3a) or similar 
higher-order graphs like those shown in Figs. 2.3b,c. In this scheme, which is 
used by Gliick, Reya and Vogt [117, 131, 132], there is no concept of heavy- 
quark PDFs. Instead, the cross section contributions from heavy quarks are 
calculated using suitable BGF coefficient functions, which yield the heavy- 
quark structure functions Tf" according to (2.33) and have been calculated 
to leading order (Tf" oc as) [133] and also to next-to-leading order [134]. 

In the threshold region, the FFNS is expected to yield a realistic descrip- 
tion of heavy-quark production, whereas the VFNS is obviously not capable 
of accommodating such processes for (where, at sufficiently low 

X, the invariant hadronic mass W is still large enough to contain heavy- 
quark pairs). On the other hand, the VFNS is expected to hold in the limit 
where the quark masses become negligible and the heavy quarks 
effectively behave like light quarks. In this limit, the FFNS is inappropri- 
ate since it does not contain the resummation of higher-order contributions 
implicit in the DGLAP evolution. 
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Triggered by recent HERA measurements of the proton charm structure 
function [4, 10], different approaches to connect the FENS and YENS 
have been intensively discussed [135, 136], amongst these in particular the on- 
mass-shell scheme suggested by Aivazis, Collins, Olness and Tung (ACOT) 
[137], which contains the FENS and YENS as limiting cases for 
and ^ , respectively. Recently, a generalized factorization theorem to 

all orders of pQCD was proven for this scheme [138]. The CTEQ collabora- 
tion has meanwhile provided PDF parameterizations [139] using the ACOT 
scheme, and Martin, Roberts, Stirling and Thorne (MRST) used a variant of 
this approach [140] for their latest PDF set [141] (see also Sect. 2.1.4). One of 
the results of these studies is that the YFNS-like heavy-quark PDFs rapidly 
dominate the iC?'' once rises above the thresholds. 

For the HERA high-Q^ studies, obviously the YFNS is appropriate for the 
charm and bottom contributions, whereas the top-quark contributions can be 
neglected (see Sect. 2.1.1). However, the correct treatment of the heavy-quark 
thresholds is an essential ingredient for the determination of PDFs in analyses 
using the lower-Q^ fixed-target data (see Sects. 2.1.4 and 2.1.6). 



2.1.3 Electroweak Radiative Corrections 

In contrast to the QCD corrections illustrated in the previous section, the 
effects of higher-order terms in the electroweak perturbation series do not sig- 
nificantly alter the hadronic structure, i.e. the PDFs or evolution equations, 
but modify the hard-subprocess cross section. A comprehensive discussion of 
radiative corrections at HERA can be found in [42]. 

Electroweak radiative corrections can be categorized according to whether 
they are caused by (i) graphs involving loops, like the examples shown in 
Fig. 2.4 (virtual corrections), or (ii) the radiation of real photons from one of 
the charged lines in the LO graphs in Fig. 1.1, as in the examples of Fig. 2.5. 

The dominant effect for NC reactions is due to the radiation of real pho- 
tons from the electron lines, ep eqX (see Fig. 2.5). The fivefold differential 
cross section for this process, d^cj/{dxdQ^ d^k^), exhibits three poles, corre- 
sponding to zero virtuality of either the electron or the photon propagator, i.e. 
for zi = kj ■ k = 0, Z 2 = kj ■ k' = 0 (electron) or for zs = {k — k' — k^)^ = 0 
(photon), where k^ denotes the photon four-momentum and the electron 
mass has been neglected. The cross section for radiative events is largest 
close to these poles and falls off with 1/zi in their vicinity. The three poles 
correspond to photons which (i) are emitted collinearly with the initial-state 
electron (initial- state radiation, ISR), (ii) are emitted collinearly with the 
final-state electron (final-state radiation, FSR) or (iii) balance the transverse 
momentum of the final-state electron (QED-Compton process; the electron 
scatters on a quasi-real photon emitted from the proton). The latter pole is 
absent for Z exchange. The NC radiative cross section can be calculated [142] 
as a function of an arbitrary but small lower cutoff on the photon energy, and 
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Fig. 2.4. Examples of virtual electroweak corrections to NC electron-quark scat- 
tering: (a) vertex correction, (b) box graph, (c) self-energy correction of the "ijZ 
propagator due to a fermion loop. In all graphs the photon-type lines denote one of 
the neutral electroweak gauge bosons, 7 or Z 




Fig. 2.5. Radiation of a real photon from (a) the incoming and (b) the scattered 
electron line in an NC eq reaction, and (c) from the W propagator in a CC reaction. 
Lines representing the electron propagators are denoted by e* 



the remaining soft-photon corrections are added to the virtual radiative cor- 
rections of the leading-order cross section. A similar procedure is applied to 
CC reactions [143], ep — > vX, where the FSR and QED-Compton poles are 
absent and photon radiation from the W propagator (see Fig. 2.5c) yields an 
additional contribution, which, however, does not exhibit poles. 

In addition to the cross section modification, ISR processes have a partic- 
ular experimental significance since the photon can escape detection. In this 
case, the reconstruction of kinematic variables is degraded, irrespective of 
which reconstruction method is used (see Sect. 3.3.3 and [144]). The relative 
change of d^(r/(dx£dQ^) due to electroweak radiative corrections may serve 
as an example of the size of the resulting effects for ye >0.8 and < 0.01 
the corrections exceed 50%, whereas the cross section is reduced by more 
than 30% for ye <0.2 and x^>0.5 [145]. 

For photon radiation from the initial- or final-state quark, the distortion 
of kinematic variables is absent in the dominant cases where the photon is 
emitted in the proton or current-quark direction. Furthermore, since quarks 
have larger masses and smaller charges than electrons, these processes are 
suppressed and therefore contribute little to the overall radiative corrections. 



See Sect. 1.3.1 for the definition of the leptonic variables and 
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The leading terms of the complete set of electroweak soft and virtual 
corrections mentioned above have been calculated [142, 143], and the domi- 
nant contributions can be taken into account by introducing various gauge- 
invariant form factors which modify the amplitudes related to the exchange 
of the different gauge bosons. For the photon exchange this corresponds to 
using a Q^-dependent “running” coupling constant a = a(Q^). Likewise, the 
weak mixing angle is effectively modified by a Q^-dependent form factor. In 
general, the virtual corrections to the leading-order cross section are of the 
order of a few percent and vary slowly and smoothly with and x (see [107] 
for a detailed survey) . They depend on SM parameters like the top and Higgs 
masses to which they thus yield some sensitivity. 

The algorithms and assumptions involved in calculations of virtual elec- 
troweak corrections have been proven to be highly accurate and to provide 
impressive predictive power. The most prominent example is the top mass, 
mt, which was found at Tevatron [146] to lie in the narrow window which 
had been predicted [147] from the LEP and SLD electroweak precision mea- 
surements by exploiting the radiative-correction-induced mt dependences of 
the SM parameters. For lepton-hadron scattering, the precision with which 
radiative corrections are known is limited by higher-order contributions with 
multiphoton emission and by the choice of the input used for their calcula- 
tion. The corresponding uncertainty is largest at the edges of phase space, in 
particular at high y, where it amounts to a few percent [145]. The errors on 
virtual one-loop corrections are negligible in the context of this book. 

For almost all aspects of data analysis, a detailed Monte Carlo simulation 
of ep reactions including all relevant radiative corrections is mandatory. This 
simulation is provided by the HERACLES program package which includes 
photon radiation to 0{a) and the full set of one-loop electroweak corrections 
[148]. All comparisons of experimental results with theoretical predictions 
covered in this book have been performed using heracles. See Sect. 3.2 for 
a summary of Monte Carlo generators used for the analyses. 

2.1.4 Experimental Input Data from Previous Experiments 

In the previous sections the various ingredients for the calculation of ep DIS 
cross sections have been summarized. We will now collect the experimental in- 
formation needed as input for this calculation. An overview of the procedures 
and assumptions used to derive the commonly used PDF parameterizations 
from the data discussed in this section will be given in Sect. 2.1.5. 

The parameters governing the electroweak sector of the SM (referred to 
as electroweak parameters) comprise a, sin^Wj the gauge boson masses Mw 
and Mz and, in addition, the elements of the CKM matrix, the fermion 
masses and the Higgs mass. The first four of these parameters are interrelated 
by the underlying SU(2 )l x U(1)y gauge symmetry, with additional mass 
dependences (mainly on the top and Higgs masses) induced by radiative 
corrections. The values of those parameters entering into (2.2)-(2.12), as 
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Table 2.1. Latest world average values and combined statistical and systematic 
uncertainties of the electroweak parameters entering the ep DIS cross sections 



Parameter 


Value 


Relative error 


Cited from 


«(0) 


1/137.0359895 


0.045 ppm 


[108] 


a(M|) 


1/128.878 


0.095% 


[149, 150] 


sin^ 0w{Mz) 


0.23157 


0.08% 


[149] 


Gf (GeV^) 


1.16639 X 10“® 


9 ppm 


[108] 


Mz (GeV) 


91.1867 


30 ppm 


[l49] 


Mw (GeV) 


80.371 


0.032% 


[149] 



summarized in Table 2.1, are taken from the Particle Data Group [108] and 
from a combined SM analysis [149] of the precision electroweak measurements 
at LEP, SLD and the Tevatron. The increase of the error on a with the mass 
scale reflects theoretical uncertainties on the radiative corrections inducing 
this scale dependence. The Mz value has been obtained assuming lepton 
universality; the value of Mw is the result of a fit presupposing the validity 
of the SM. An estimate of the uncertainty of the SM ep DIS cross section 
prediction due the errors quoted in Table 2.1 can be found in Sect. 2.1.6. 

In contrast to the electroweak sector, the QCD input to the DIS cross 
section calculation requires knowledge about a sector of the theory which 
cannot be assessed perturbatively, i.e. the low-Q^ QCD phenomenology of 
hadron structure which is absorbed into the PDFs. In the following we will 
summarize the experimental data which are used to constrain the PDFs. The 
PDF fit procedures are discussed in Sect. 2.1.5, and some selected results and 
investigations of the related uncertainties are collected in Sect. 2.1.6. 

In principle, data for any reaction involving hard subprocesses can be used 
to gain information on the PDFs of the participating hadrons. This opens a 
wide field of experimental data that can be used as input for nucleon PDF 
parameterizations, the most important of which are the following. 

NC Structure Functions. Several fixed-target experiments (BCDMS [151]- 
[153] and NMC [154] at CERN, E665 [155] at Fermilab, SLAG [156])^ have 
performed high-precision measurements of the differential cross sections for 
eN or pN DIS (the nuclear targets, N, being protons, deuterons or heavier 
nuclei) and have extracted the structure functions ■ Gorresponding mea- 
surements have also been published based on the data taken by HI [8, 9, 11] 
and ZEUS [2, 3, 5, 6] until 1995, filling up a large portion of those parts 
of the HERA {x, Q^) plane which were left empty by the fixed-target ex- 
periments (see Fig. 2.6). Note that structure function results from the more 
recent HERA data discussed in this book have not yet been included in global 
PDF analyses. The combined data are the major input for PDF deter- 

® This list is restricted to data which are actually used in contemporary PDF 
analyses. A summary of past experiments can be found in e.g. [157]. 
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Fig. 2.6. Regions in the HERA kinematic (x,Q^) plane covered by the structure 
function measurements of ZEUS and HI and of the fixed-target experiments with 
charged lepton beams (BCDMS, NMC, E665, SLAG) and with neutrino beams 
(CCER). The kinematic regions covered by the HERA analyses of the 1993 [2, 8] 
and the 1994 [3, 9] data are marked as “HERA 1993” and “HERA 1994”, re- 
spectively; “HERA SVTX” and “ZEUS BPC 1995” indicate results obtained from 
HERA runs with longitudinally displaced interaction points [G, 11] and from a 
ZEUS measurement using a dedicated calorimeter close to the rear beam pipe [']. 
The cross-hatched triangle at the highest marks the region which has become 
accessible to precision measurements only with the data taken after 1995. The cross 
section results for this region, which are one of the major subjects of this book, are 
not yet used for PDF analyses 



minations; as an illustration, the results for proton targets are shown in 
Fig. 2.7 as functions of for different fixed x values (the results from [11] 
are not included in this plot). The lines indicate the result of a QCD fit and 
reproduce well the scaling-violating tendencies of the data. In particular, the 
logarithmic rise (fall-off) of with increasing at low (high) x is clearly 
evident. 

Given the fact that the QCD evolution of a parton distribution to a given 
point (cc, Q^) depends only on the PDFs at lower and higher x (see (2.24)), 
it becomes obvious that the main input for the PDFs in the HERA high-Q^ 
domain comes from the fixed-target experiments, whereas the high- a; HERA 
data are still statistics-limited and are roughly an order of magnitude less 
precise than the BCDMS, NMC and E665 data at the same x. It is important 
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Fig. 2.7. Results on the proton structure function T 2 from the hxed-target exper- 
iments BCDMS, NMC and E665, and from ZEUS and HI. The curves indicate the 
resnlt of an NLLA QCD fit taken from the ZEUS analysis 
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to note that the NC proton data, in particular in the fixed-target regime, are 
dominated by the photon exchange graph and hence mainly carry information 
on the PDF combination {Ql^u + Q'^d) oc (4m -|- d). In order to disentangle 
the u and d distributions, one has either to include CC data (see below) or 
to use NC DIS data obtained with deuterons or heavier nuclear targets [154]. 
The analysis of the latter is commonly based on the assumption of isospin 
symmetry between the quark distributions in the proton and neutron, and 
requires corrections for nuclear effects (cf. Sect. 2.1.6). 

On the basis of the identification of charm particles in the hadronic final 
state, HI [10] and ZEUS [4], as well as previously EMC [158], have measured 
the differential cross section for NC DIS reactions in which charm quarks 
participate in the hard subprocess, albeit as yet with limited precision (typ- 
ically more than 15% uncertainty). The structure function derived from 
these results is uniquely related to c{x,Q'^) (see Sect. 2.1.2) and provides 
constraints on this PDF and on the treatment of heavy quarks in general. In 
the latest PDF fits from CTEQ [139] and MRST [141] it has been demon- 
strated that a consistent theoretical approach combining the advantages of 
the FFNS and VFNS is able to reproduce the data. 

In addition to measurements of structure functions at particular values 
of (x, Q^), with ranges determined by the experimental setup, there are also 
constraints on integrals over structure functions or PDFs, usually referred to 
as sum rules. One example is the Gottfried sum rule, which is derived using 
isospin symmetry between the proton and neutron, whereby in LO 

1 1 
Ig = Jdx = 1 + 1 Jdx{u-d). (2.40) 

0 0 

The NMC collaboration has reported a measurement [159] of Iq = 0.235 ± 
0.026, indicating (d) > (u). 

CC Structure Functions (Neutrino Scattering). Structure function results 
from deep inelastic ^17 N scattering have been reported by the experiments 
CHARM [160, 161], CDHS(W) [162] and BEBC [163] at CERN and by CCFR 
[164]-[166] at Fermilab. Only the latter data have been included in recent 
PDF analyses. The relevant measurements are those of the CC structure func- 
tions foi' neutrino and for antineutrino beams, which allow a distinction 
between u-type and d-type PDFs. In addition, unlike-sign dimuon production, 
^17 N pT p7 X , tags charm production via vs pc or the charge-conjugate 

process and hence constrains the strange-quark PDF, s(x, Q^). The cross 
section for this process has been measured by CCFR [167]. 

W Production in pp Scattering. Exploiting the paradigm that the antiquark 
PDFs in the antiproton are identical to the quark PDFs in the proton, W 
production in pp scattering provides another possibility to separate the u and 
d PDFs. The dominant reaction mechanisms are ud —>• and the charge- 
conjugate process, and the charge and rapidity of the muon from W pv 
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decays hence carry information on the type and x values of the initial-state 
quarks. The total cross sections for W production (measured by UA2 [168] 
at CERN and by the Tevatron experiment CDF [169]) and the rapidity dis- 
tributions of the muons (CDF [170]) are used as input to the PDF fits. 
Drell-Yan Data. Drell-Yan production of lepton pairs in hadron- 

hadron collisions proceeds via the hard subprocess qq £~^i~ , with a virtual 
photon or Z in the s channel. Experimentally, the signature of this reaction is 
cleanest if muon pairs are produced, £ = fi. Drell-Yan cross section measure- 
ments have been reported by the E605 [171] and E772 [172] collaborations 
for pN and pp initial states, respectively. These data and in addition the 
ratio of the pp pL^ pT X and pd — *■ pX p~ X cross sections, as measured by 

the NA51 [173] and recently also the E866 [174] collaborations, are used for 
PDF analyses. The p/d Drell-Yan cross section ratio significantly constrains 
5/it, and hence adds to the information provided by the Gottfried sum rule 
measurement . 

Prompt- Photon Data. Isolated photons with high transverse momentum pro- 
duced in hadron-hadron collisions via qg — *■ qj yield information on the 
gluon density. Some of the standard PDF analyses include corresponding 
data from the WA70 experiment [175] and, most recently, also from preci- 
sion measurements by the E706 collaboration [176]. The use of these data 
for constraining g(x,Q'^) is, however, limited by the observation that their 
interpretation depends strongly on assumptions on the initial-state partonic 
transverse-momentum spectrum [139, 141, 177]. 

Inclusive Jet Production in pp Collisions. Jets produced at high transverse 
momentum, in hadron-hadron reactions signal the transverse momentum 
of the final-state partons in the underlying hard subprocesses {qq gg, qg — *■ 
qg and gg gg) and therefore allow us to constrain the PDFs of the initial- 
state partons, in particular that of the gluon at x = 0(0.1). Inclusive jet cross 
sections da/dj?//^ have recently been reported by the CDF [178, 179] and the 
D0 [180] collaborations at Tevatron and are used by the CTEQ collaboration 
for their latest PDF analysis [139], although both experiments are not in 
perfect agreement and the CDF results show a marked cross section excess 
over NLO QCD expectations derived from earlier PDF parameterizations. 
tts Measurements. Although as can in principle be inferred from the de- 
pendence of the structure function data (cf. e.g. Fig. 2.7), the value of as{M^) 
is usually imposed as an additional constraint. This serves both to preserve 
consistency with data not included in the analyses and to reduce the un- 
certainty of the gluon distribution, which, in particular at low x, is closely 
related to d£F/dhi{Q^), which in turn is proportional to Og (see (2.25)). The 
current world average of as(M|) in next-to-leading order is [181] 

as(M|) = 0.119 ±0.004 . (2.41) 

Note that the uncertainty in (2.41) exceeds the value quoted in [108], reflect- 
ing correlations between measurements which have previously been neglected. 
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2.1.5 Parton Distribution Fits 

Several theory groups have specialized in PDF analyses which exploit the uni- 
versality of PDFs to determine PDF parameterizations obeying the QCD evo- 
lution equations and fitting all the aforementioned experimental data {QCD 
fits). The “conventional” approach chosen by Martin, Roberts, Stirling and 
Thorne (MRS/MRST) [129, 130, 135, 141, 182, 183] and by the CTEQ col- 
laboration [139, 184, 185] is to parameterize the PDFs as functions of x at 
a given Qg, to perform the QCD evolution and to calculate the predictions 
for the various experimental quantities. The free parameters are finally de- 
termined by iteratively minimizing the calculated from the differences of 
predictions and measurements and from the experimental errors. Special care 
is taken to account for correlated errors like normalization uncertainties. 

The initial PDF parameterizations at Qq are typically of the type 



where P{x; Cp, . . .) is a slowly varying function of x. Independent parame- 
ter sets Ap, ap,bp,Cp, . . . are defined for the valence distributions p = and 
p = dv, for the singlet distribution p = (see (2.26)) and for the gluon distri- 
bution p = g. In addition, in recent analyses allowing for a flavor-asymmetric 
sea, u+d and u—d are parameterized separately. CTEQ employs a further pa- 
rameter set for the strange sea, s = s, whereas MRS(T) use s = s = {u + d)/4: 
[141, 183]. The parameters Up govern the low- a; behavior of the PDFs and 
are, at Qg « 5GeV, typically found to be of 0(0.25-0.6) for the valence 
quarks, and in the ranges —0.3 to 0.1 for the sea quarks and —0.4 to 0.2 for 
the gluon. The exponents bp determine the high- a; fall-off of the PDFs. They 
assume values between 3 and 5 for valence quarks and between 6 and 10 for 
sea quarks and gluons, where the exact results depend on the functional form 
of P{x; Cp, . . .) and on Qq. 

In addition to the experimental data, the sum rule constraints 



xp{x,Ql) = Apx°-^ (1 - x)^^ P{x;cp, ...) , 



(2.42) 



1 




(2.43) 



0 



1 




(2.44) 



0 




1 (2.45) 



are applied, where the first two fix the number of valence quarks (and hence 
the baryon number) of the proton, and the third reflects the fact that (anti-) 
quarks and gluons carry the entire proton momentum [momentum sum rule). 
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Equations (2.43)-(2.45) determine three of the normalization parameters Ap 
in (2.42). Furthermore, imposing sum rule constraints generally introduces 
sensitivity of the PDFs at a given x = xq to the complete x spectrum of input 
data and not only to the region x > xq as relevant for the DGLAP evolution. 

For the analysis of the HERA high-Q^ data discussed in this book, PDF 
parameterizations by the MRS [183] and CTEQ [185] groups have been used 
which take into consideration the ZEUS and HI structure function results 
based on data taken up to and including 1994. These PDF sets have been 
tested against, but not fitted to, the inclusive jet cross sections at high trans- 
verse momenta, which have been reported by the Tevatron experiments 
CDF [178] and D0 [180]. The excess of jets with very high seen by CDF 
could be accommodated by a reasonable modification of the CTEQ gluon 
distribution [185], which, however, only weakly affects the HERA cross sec- 
tions. This CTEQ variant, and also the latest PDF sets from MRST [141] 
and CTEQ [139], are not used in the HERA high-Q^ analyses. 

A slightly different approach from the one by MRS and CTEQ is pur- 
sued by Cliick, Reya and Vogt (CRV) [117, 131, 132], who start the QCD 
evolution at a very low scale, Qq = ^ 0.5 CeV^, where they use a 

valence-like input for the itv, dv, sea quark and gluon distributions (i.e. pa- 
rameterizations of the type (2.42), with all Op > 0). The free parameters are 
fixed by a fit to DIS and other relevant data after DCLAP-evolving the input 
parameterizations to the appropriate experimental scales and thereby radia- 
tively producing the typical rise of sea quark and gluon distributions towards 
low X. This procedure leaves fewer degrees of freedom than the conventional 
fits, in particular for describing the low-x part of the PDFs. Nevertheless the 
latest higher-order (NLLA) CRV set [132], which uses /Tqj^v = 0.40 CeV^, 
yields good agreement with the various experimental measurements and in 
particular with the NC structure function data for > 1.5 CeV. 

To summarize, three groups provide modern PDF parameterizations 
which obey the QCD evolution equations by construction and describe well 
the more than one thousand experimental data points used to constrain the 
PDF parameters in fits. Typical values per degree of freedom range 
between unity and 1.25. A considerable problem for the interpretation of the 
HERA data is posed by the fact that none of the groups derive PDF uncer- 
tainties from propagating the errors of the input data and their correlations 
through the PDF fit procedures. However, estimates of these uncertainties, 
and their impact on extrapolations of the PDFs to the HERA high-Q^ region, 
have been inferred by the ZEUS collaboration and are discussed in the next 
section. 

2.1.6 Selected Parton Distribution and Cross Section Results 

The relevant DIS NC and CC cross sections are calculated using the elec- 
troweak parameter values and the PDF parameterizations discussed in the 
previous section. In the following, we will collect a few plots illustrating the 
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X and dependence of PDFs and differential cross sections and then dis- 
cuss the approaches used to determine the cross section uncertainties. Un- 
less explicitly stated otherwise, the PDFs from the set MRS-Rl (NLLA, 
as(M|) = 0.113) [183] are used in these sections for calculating the cross sec- 
tions shown in the figures. Neither photon radiation nor virtual electroweak 
radiative corrections (see Sect. 2.1.3) are included in these calculations. 

Parton Distribution Ftinctions and Cross Sections 

In order to set the scales and to quantify the objects we have been discussing 
quite extensively in the preceding sections, we now present some plots of 
PDFs and differential cross sections. 




Fig. 2.8. Parton distribution functions according to the parameterization MRS-Rl 
(a) for = lOGeV^ and (b) for = lO^GeV^. The larger of the two valence 
distributions represents Uv\ the differences between the dotted and the solid lines 
indicate the u and d sea quark distributions 



Figure 2.8 shows some selected PDFs as functions of x for two different 
values of A few observations may be listed: 

• Independently of the valence distributions are clearly dominant for 
X > 0.4. However, at lower x the sea-quark PDFs become comparable 
in size to the valence distributions and can hence not be neglected for 
investigations of cross sections at values of some 100 GeV^ and above 
(corresponding to a; > 0.001 at HERA). 

• The ratio = d^/uv is significantly below the naive expectation = 0.5 
at a; > 0.3 and actually approaches zero as a: — > 1, a fact which is common 
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Fig. 2.9. Differential cross sections for > 10® GeV^, (a) da/dQ^ and (b) da/dx. 
The cross sections for e^p scattering {solid lines), e~p NC scattering {dashed lines) 
and e~p CC scattering {dotted lines) are indicated. All cross sections are calculated 
using the PDF set MRS-Rl. Electroweak radiative corrections are neglected 



to all modern PDFs which all have bd^ > (see (2.42)). We will study 
the high- a; limit of the ratio Tv in more detail in Sect. 2.1.6. 

• As expected, the PDFs are shifted to lower x for increasing , and the 
fraction of the sea-quark contribution to the momentum integral (2.45) 
grows. However, for the HERA center-of-mass energy, the valence quark 
distributions are still responsible for the bulk of the cross section at > 
10® GeV^ 

The cross sections dcr/dQ^ and da/dx for > 10®GeV^, obtained by 
integrating d^a/{dxdQ'^) over x and , respectively, are shown in Fig. 2.9 
both for NG and for GG scattering. At ^ M^, the NG cross section 
is dominated by the photon propagator, yielding a steep fall-off with l/Q^, 
whereas the GG cross section exhibits a weaker dependence. Once rises 
to values of 0{M‘^), both the NG and the GG cross sections become similar in 
magnitude, demonstrating the unification of electromagnetic and weak inter- 
actions. Note that at the same scale the contributions, which induce 
the difference between the NG e+p and e~p cross sections (see (2.4)), become 
important. In the GG case, both the sign of the term and the flavor com- 
position of the structure functions cause differences between the e~^p and e~p 
cross sections. In the high- a; regime, the latter is dominated by the PDF 
which significantly exceeds the dv PDF relevant for e~^p GG reactions. 
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Cross Section Uncertainties 

This section is devoted to studies of ep cross section uncertainties. We first 
investigate the propagation of errors on the experimental input data to PDF 
fits into the HERA high-Q^ cross sections. Thereafter we discuss neglected 
higher-order QCD effects and uncertainties of the d and u distributions at 
high X and of the heavy-quark contributions to the cross sections. Finally, we 
will quantify the effects of measurement errors of the electroweak parameters 
entering the cross section formulae. A recent survey of PDF and electroweak 
contributions to cross section uncertainties at HERA can be found in [186] 
The largest sources of error in the PDF parameterizations are the exper- 
imental uncertainties of the input data summarized in Sect. 2.1.4. As yet, 
none of the PDF groups MRS(T), CTEQ and GRV have provided estimates 
of the PDF uncertainties arising from the propagation of these errors. Taking 
differences between different PDF sets as a measure of these errors is inappro- 
priate, since all these sets use essentially the same input data and very similar 
fit procedures. In order to obtain a realistic error estimate, M. Botje from the 
ZEUS collaboration has performed a QCD fit - occasionally referred to as the 
ZEUS QCD fit in the following ~ using a restricted input data set (NC and 
CC structure function data from HERA and fixed-target experiments with 
X > 0.001 (x > 0.1 for CCFR data), > 3 GeV^ and W'^ > 7 GeV^, and the 
E866 Drell-Yan data, see Sect. 2.1.4) [187]. Statistical and systematic uncer- 
tainties of the input data, as well as those of as(M|), of the strange-quark 
content of the proton, of nuclear corrections and of the charm quark mass are 
propagated through this fit. The corresponding variations of the fit results 
are added in quadrature to those obtained by modifying various fit parame- 
ters such as the and W cuts or the starting point for the QCD evolution, 
Qq. The resulting “total error”, as shown in Fig. 2.10 for the reduced NC 
and CC cross sections. 



is dominated by the uncertainties of the experimental input data. The fit 
results are found to be stable against variation of the lower bound on W, 
indicating that higher-twist terms affect negligibly the PDF extrapolation to 
high Q^. In the NC case, the PDFs induce a 3-6% error on the differential 
cross section, rising to about 8% at highest and to 10-12% at x > 0.8. 
For CC reactions the corresponding figure rapidly grows with x and 
exceeds values of 20% for x > 0.5 and also at > 20 000GeV^. For e~p 
CC scattering the uncertainty is significantly smaller and close to the NC 
case. The large differences between the NC, CC e~p and CC e+p uncertain- 
ties are related to the precision with which the respective combinations of 




xQ4 p^2^e+p^e+X 



(2.46) 



27ra2[i -I- (1 _ y)2j dxdQ2 




(2.47) 
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Fig. 2.10. Rednced cross sections for (a) NC and (b) CC ep DIS derived from the 
results of the QCD fit by M. Botje [187]. The dark {light) shaded bands indicate 
the total uncertainties for e~^p (e~p) scattering (see text) 

quark distributions are constrained by experimental data: 4u + d (relevant 
for NC) and, to some extent, also u (CC e~p) are accurately determined by 
the charged-lepton fixed-target data, whereas d (CC e+p) depends on the less 
accurate neutrino data. 

A further source of error, unrelated to experimental data, is the unknown 
size of neglected higher-order QCD corrections. In order to estimate their 
impact, LLA and NLLA PDFs and cross sections (here the PDF sets CTEQ- 
4L and CTEQ-4H [185] were used) are compared in Fig. 2.11. Obviously the 
relative difference between the LLA and NLLA PDFs is of 0(20%) and signif- 
icantly larger than the differences between the corresponding cross sections.® 
In the high-Q^ domain, where as is small and the QCD perturbation series is 
expected to converge safely, the differences between two successive orders of 
accuracy are assumed to be larger than the sum of all neglected higher-order 
terms. Figure 2.11 can hence be interpreted as indicating a maximum uncer- 
tainty of a few percent due to pQCD contributions beyond the NLLA. Also, 
since changes of the factorization and renormalization scales induce modifi- 
cations of the order of the next-higher pQCD order (see Sect. 2.1.2), scale 

® Which illustrates that mixing different factorization schemes, or inserting LLA 
PDFs into NLLA formulae or vice versa, will yield wrong results (cf. Sect. 2.1.2). 
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have been used. For the PDFs, the singlet distribution g® (see (2.26)) and the 
valence distribution + Mv are shown 



uncertainties are estimated to be also small. An independent confirmation of 
this conjecture has been obtained in M. Botje’s QCD fit [187] (see above), in 
which both scales have been varied in the range Q^/2 < < 2Q^. The 

resulting uncertainties of the reduced cross sections, as shown in Fig. 2.12 for 
NC and CC scattering, are substantially smaller than those resulting from 
the propagation of the experimental errors in Fig. 2.10. 

In addition to neutrino data, NC DIS structure function measurements 
using proton and deuteron targets are used to constrain the ratio r = d/u^ 
which in turn is the essential input for disentangling the d and u distributions 
in the valence-dominated high-x region. Extracting the neutron structure 
function from the difference of the deuteron and proton data and using 
isospin symmetry between the proton and neutron, one obtains the LO high- a; 
approximation 



J^2 x^l ^ 4dv/Uv + 1 
d-l-dv/Mv 



(2.48) 



Existing analyses are consistent with the assumption that the ratio T 2 1^2 
approaches 0.25 for cc ^ 1 [189, 190], implying that r goes to zero in this limit. 
This paradigm is used for all standard PDF parameterizations. However, 
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Fig. 2.12. Renormalization and factorization scale uncertainties derived from the 
results of the PDF fit by M. Botje [187] for (a) NC and (b) CC ep DIS. The 
solid lines indicate the reduced cross sections as functions of for different fixed 
values of x\ the dark (light) shaded bands represent the e^p (e~p) cross section 
modifications resulting from scale variations in the range Q^/2 < 



recently it was pointed out [188] that a consistent relativistic treatment of 
Fermi motion and off-shell effects in the deuteron modifies the results, and 
in particular induces an increase of at high x as shown in Fig. 2.13a. 

Consequently, and in agreement with QCD expectations [191], dju assumes a 
value of about 0.2 for a; — > 1, and the high- a; tails of the parton distributions 
have to be modified. A recent discussion of these issues can be found in [192]. 

In a simple approach to modeling these changes we have adjusted the 
valence distributions to reproduce the 1^2 ratio of Fig. 2.13a while at the 
same time requiring that 4rtv -I- dv remains unaltered. The valence modifica- 
tions were applied at = 20GeV^ and fed into an LLA QCD evolution. 
It was checked that the modified PDFs and cross sections are still compat- 
ible with the neutrino DIS data [162, 193] and that the sum rules, (2.43)- 
(2.45), are only negligibly violated. Figure 2.13b shows the resulting PDF and 
structure function ratios, and demonstrates that the outcome is a significant 
increase in the CC cross section at high x. The cross section enhancement 
amounts to 0(10%) for > 2.5 x lO^GeV^. By construction, the NC cross 
sections (dominated by 4 m -|- d) are almost unaffected. 
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Fig. 2.13. Modification of the high- a; PDFs and structure functions due to a re- 
vised treatment of Fermi motion and off-shell effects in the deuteron: (a) shows 
the modified ratio {solid line) compared with the result obtained in the 

free-nucleon approximation {dotted line) (plot reproduced from [188]). The result 
of a corresponding modification of the PDFs (see text) is shown in (b): the tF 2 
and dju ratios both grow at high x {dotted: CTEQ-4L original; solid: modified 
as described in text; dash-dotted: d/u enhancement suggested by Bodek and Yang 
[126]). The CC e^p cross section is significantly enhanced at high x {top solid line) 



Similar considerations have led Bodek and Yang [126] to introduce an 
additive correction of the form r ^ r' = r-|-(0.1±0.01)(a;-|-l) to the d/u ratio 
(see Fig. 2.13b). The so-modified PDF set MRS-R2 (NLLA, as(M|) = 0.120) 
[183] is also compatible with r — > 0.2 at a: = 1 and describes well a large 
spectrum of experimental data. However, the QCD fit by M. Botje [187] 
demonstrates that a similar increase of d/u at high x can also be obtained 
with standard parameterizations of the type (2.42) having > bd^. As yet, 
such considerations have not been included in the standard PDF sets used for 
the HERA analyses, and, particularly for the e^p CC cross sections at high 
X, modifications of the magnitude indicated in Fig. 2.13b may be envisaged 
(cf. Sect. 4.2.2). 

As the last aspect of PDF-related uncertainties we will discuss the heavy- 
quark contributions to the high-Q^ e+p DIS cross sections. Figure 2.14 shows 
the relative contributions from charm and bottom quarks to da/dx and 
da/dQ^ at > 1000 GeV^, calculated in LO using the c and b PDFs taken 
from the set CTEQ-4L. Whereas the bottom contribution is small and falls 
below the PDF uncertainties mentioned above, charm adds significantly to 
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Fig. 2.14. Contributions from charm and bottom PDFs to the e^p NC and CC 
DIS cross sections at > 1000 GeV^: (a) dcr/dQ^ and (b) Aa/dx. The curves 
show the result of an LO calculation using the PDF set CTEQ-4L. According to 
the discussion in Sect. 2.1.1 there is no bottom contribution to CC scattering 



the cross section, for both NC and CC processes. The rise of the charm 
contribution to the CC cross section with increasing is caused by the 
suppression of e+d — > vq due to the (1 — t/)^ term in (2.12). At very high x, 
X > 0.6, the size and x dependence of the heavy-quark contributions shown 
in Fig. 2.14 are entirely determined by the analytic form assumed for the 
PDF parameterizations (see (2.42)) and their QCD evolution, and are not 
supported by experimental data. 

The method of calculation used for Fig. 2.14 assumes the VFNS (see 
Sect. 2.1.2), which is expected to yield accurate results if is far above 
the threshold domain, ;g> The main source of uncertainty in the 

calculation of the heavy-quark cross sections is the treatment of the thresh- 
old region in the PDF fits. A comparison of the c and b structure functions 
obtained from the LO CTEQ set with the analysis by MRS [135], which 
includes a refined treatment of the heavy-quark QCD evolution, indeed in- 
dicates agreement to better than 10% for > lOGeV^ and x > 10“^. It 
may be concluded that the maximal relative uncertainty of the heavy-quark 
contributions is of 0(10%), amounting to an uncertainty in the overall cross 
sections at the percent level. 
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Fig. 2.15. Relative uncertainties of differential e'^p DIS cross sections due to errors 
in the relevant electroweak parameters, (a) for NC and (b) for CC scattering. In the 
NC case, the cross section uncertainty is dominated by the errors in a and sin^ 0w, 
in the CC case by that in Mw 



Finally, we want to leave the field of PDFs and QCD and come back 
to the electroweak parameters (see Sect. 2.1.4). Propagating the parameter 
uncertainties quoted in Table 2.1 in quadrature through the LO formulae 
(2.4) and (2.12) yields the relative errors shown in Fig. 2.15. The dominant 
contribution to the uncertainty of a comes from the relative uncertainty in 
a{M'^), which has been assigned to the radiative correction, a(Q^)— a(0). The 
cross section uncertainties in Fig. 2.15 do not exceed 0.3% in the kinematic 
region of interest and can hence be safely neglected against the much larger 
errors caused by the PDF parameterizations. 

To conclude, the set of ingredients required to calculate high-Q^ ep dif- 
ferential cross sections is completely available and combines theoretical per- 
ception from different sectors of the SM into a consistent picture describing a 
wealth of experimental data from different reactions at wide ranges of energy 
scales. The uncertainties of the cross sections are dominated by the errors 
in the experimental input data to the PDF parameterizations and may, in 
particular in the CC case, acquire additional contributions from theoretical 
issues related to low-energy phenomena. In the region of interest, the PDFs 
induce a relative uncertainty of < 6% for NC reactions (up to 12% at a; > 0.8) 
and of < 20% for CC reactions with < 2 x 10^ GeV^ and x < 0.5. 
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2.1.7 Modeling the Hadronic Final State 

The previous sections have been dedicated to questions concerning DIS cross 
sections and their uncertainties, but completely discarded the question “What 
happens to the partons emerging from the hard subprocess before they turn 
into observable particles?” Although the hadronic final state of DIS reactions 
is not subject of this book, a brief summary of the related concepts is useful 
to comprehend their effect on experimental aspects like event selection or 
kinematic reconstruction. More details can be found in two recent reviews 
covering the theory of jet production in DIS [194] and the QCD aspects of 
the hadronic final state in DIS [48]. 

Usually, one differentiates two stages of the final-state evolution: the par- 
ton shower, which can be viewed as QCD radiation of a cascade of partons 
each having a virtuality or transverse momentum which is larger than the 
typical hadronic energy scale of 0(1 GeV), and the hadronization, in which 
color-neutral hadrons are formed from the partons produced in this cascade. 
Whereas pQCD is not applicable at all to the hadronization, the parton 
shower is a process which is governed by pQCD but requires resummation 
techniques for a detailed description since full matrix-element calculations 
are not available for multiple-splitting processes. Both the parton shower 
and the hadronization stages are described by phenomenological models im- 
plemented in different Monte Carlo (MC) generators which are routinely used 
to simulate ep reactions at HERA.^ Their basic ingredients are: 

• The parton shower. In general the primary final-state partons emerge from 
the hard subprocess with some time-like virtuality V, which they reduce 
by successive radiation of further time-like or quasi-real partons. Equiva- 
lently, also the initial-state parton radiates and thus builds up space-like 
virtuality. Two approaches model these processes. The first is based on the 
DGLAP equations, which are applied to evolve V down to the hadroniza- 
tion scale. V is related to the scale of the hard subprocess either by an ad 
hoc assumption like V = or by using the algorithm in conjunction with 
the 0{as) or 0{a1) matrix elements [195]. The latter option is denoted 
MBPS and is used for event generation in the LEPTO program [196]. The 
second model groups the partons into pairs forming color dipoles, which 
radiate further partons, until some lower virtuality cutoff is reached [197]. 
This model as implemented in the ARIADNE program [198] is currently part 
of the standard procedure for DIS simulation. 

• Hadronization. Once the virtuality of the partons in the QCD shower 
reaches the order of typical hadronic masses, the shower simulation stops 
and hands the parton state to the hadronization algorithm. Again, two 
different procedures are in common use. In the Lund string-fragmentation 
model [199], the partons are connected by color field strings, which break 
up by creating quark-antiquark pairs from the vacuum and finally produce 



^ See Sect. 3.2 for a discussion of MC simulations in the high-Q^ analyses. 
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color-neutral hadrons (implemented in jetset [200, 201]). In the clus- 
ter fragmentation model [202], the remaining gluons are split into quark- 
antiquark or diquark-antidiquark pairs, and each (di)quark is combined 
with its nearest partner in phase space with which it can form a color- 
neutral cluster, then decaying into hadrons (implemented in herwig [203]). 
In both hadronization models the energy-momentum and quantum number 
flow of the parton state is imaged by the corresponding hadronic distribu- 
tions {local parton-hadron duality [204]), in accordance with experimental 
evidence. 

By virtue of the factorization theorem (see Sect. 2.1.2), the concepts used 
for modeling the parton shower and hadronization are in principle applicable 
to different processes containing partons in their final states. However, pa- 
rameter sets which have been tested and tuned, e.g. in e“''e“ reactions or in 
fixed-target DIS experiments, cannot simply be adopted for HERA physics 
for two reasons: (i) because HERA operates in a hitherto unexplored kine- 
matic region, and (ii) because of conceptual difficulties which are induced by 
the fact that the proton remnant in ep scattering is an extended object which 
cannot be treated as pointlike and therefore requires special algorithms. A 
large number of studies have been performed to test the various approaches 
of simulating the hadronic final state at HERA against experimental results, 
both from DIS reactions and from photoproduction (the relevant ZEUS and 
HI references are summarized in Table 2.2). In particular, event topologies 
like jet multiplicities and angular distributions, energy flow and global event 
shapes are particularly sensitive to parton shower properties, whereas single- 
particle distributions rather carry information on the hadronization process. 
The main conclusions are that the models described above satisfactorily re- 
produce many details of the hadronic final states of different reaction types at 
different energy scales. However, details like hadronic emission in the forward 
direction, i.e. close to the proton remnant, are not in all cases well simulated. 

Table 2.2. HI and ZEUS studies of the hadronic final state referring to hadroniza- 
tion and parton shower models. The tags in parentheses indicate the reaction type: 
PHP = photoproduction, DIS = deep inelastic scattering, DIS/dif. = diffractive DIS 
reactions. Some analyses appear in more than one slot 



Type of analysis 


HI 


ZEUS 


Jet topologies 


[22] (PHP) 

[21, 24]-[26] (DIS) 


[14, 15, 17, 19] (PHP) 
[13, 18, 51, 205] (DIS) 


Energy flow, 
event shapes 


[22] (PHP) 

[32, 206]-[209] (DIS) 
[32]-[.34j (DIS/dif.) 


[28, 210] (DIS) 
[28] (DlS^if.) 


Single particles, 
multiplicities 


[211]-[214] (PHP) 

[25, 39, 207, 213, 216]-[220] (DIS) 
[34, 35] (DIS/dif.) 


[215] (PHP) 
[221]-[226] (DIS) 
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2.2 Modifications of the Standard-Model Scenario 

As mentioned previously, in early 1997 the ZEUS and the HI collaborations 
have both reported evidence for an excess of DIS events above predictions at 

> 2 X 10"^GeV^, for NC as well as for CC reactions. Without intending 
to anticipate the detailed discussion of the HERA results in Chap. 4, it will 
be useful for the following considerations to keep in mind that the kinematic 
region of interest, where the surplus of events is located, is roughly defined by 

> 1.5 X lO^GeV^ and 0.4 < a; < 0.65. The NC excess cross section in this 
region as inferred from the 1994-96 data [71, 72] amounts to about 0.4 pb 
and has been used in many of the related phenomenological studies. Including 
the 1997 data decreases this value to about 0.15 pb. Although the statisti- 
cal significance of the excess is doubtful, and neither its firm experimental 
corroboration nor its “disappearance” can be expected in the forthcoming 
few years, it has stimulated an impressive collection of related theoretical 
work, considering both possible explanations within the SM and hypothe- 
sized physics beyond the SM. The recent developments are characterized by 
an intense symbiosis between experiment and theory, each benefiting from 
their respective progress and from the fact that many of the suggested expla- 
nations of the HERA effect would have observable consequences in LEP and 
Tevatron experiments and in low-energy phenomena. 

In this section we want to summarize the theoretical scenarios which have 
been proposed and discuss how their parameters are constrained by existing 
experimental data, both from HERA and from other experiments. The inten- 
tion is to provide a synopsis of the basic ideas and their relevant experimen- 
tal implications rather than to strive for completeness or to go into details 
of particular models. The compatibility of the HERA high-Q^ data with the 
different models will be discussed in Ghap. 4. We will start by reviewing some 
approaches involving nonstandard PDFs, which, however, would not require 
extensions of the SM (Sect. 2.2.1), and then go on to models beyond the 
SM (Sect. 2.2.2). The latter include in particular the resonant production 
of heavy states which couple to both electrons and quarks, and interactions 
at much higher mass scales which are parameterized as effective four-fermion 
couplings {contact interactions, GIs). Gomprehensive phenomenological stud- 
ies of these scenarios can for example be found in [227]-[232]. A few ideas not 
included in these categories will, finally, be mentioned at the end of Ghap. 4. 

2.2.1 Nonstandard Parton Distribution Functions 

When the Tevatron experiment GDF announced the observation of an excess 
of jets with high transverse momentum, p].®* > 300 GeV [178], in early 1996, 
it only took a few months until the GTEQ group suggested a modification of 
the PDFs [185], specifically the gluon distribution, which could reasonably 
well explain the GDF data and still was in agreement with the usual input 
data to PDF fits. However, the gluon distribution only enters ep cross sections 
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Parton x 



Fig. 2.16. Suggested modification of the tiv distribution to explain the observed 
excess of events in the HERA high-Q^ regime: (a) the additional contribution, 
(b) a sketch how this modification would affect the HERA region via QCD evolu- 
tion, (c) the resulting relative change of the singlet distribution as a function of x. 
All plots are reproduced from [233] 

via 0{as) corrections and cannot directly be made responsible for a possible 
HERA excess cross section. The question whether a PDF modification never- 
theless could account for an anomalous HERA event rate at very high was 
again taken up by members of the CTEQ collaboration: Kuhlmann et al. [233] 
introduced a small extra valence contribution, = 0.02(1 — which 

would enhance the cross section in the fixed-target range only at a; > 0.75 
(where experimental data are sparse and the theoretical predictions suffer 
from nonperturbative and higher- twist effects), but would migrate down to 
lower X in the relevant HERA domain by virtue of the QCD evolution. 
Three figures from [233] demonstrating the proposed PDF modification are 
shown in Fig. 2.16. 
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We note that the cross section enhancement obtained by Kuhlmann et al. 
is only marginally compatible with the 1996 HERA excess events, which are 
concentrated at < 4 x lO^GeV^ and 0.4 ^ x < 0.65. In two subsequent 
publications a modification of quark PDFs was discussed in the context of 
experimental consequences. Babu et al. [234] argue that an enhancement of 
u or d quark densities would also induce significant changes to the CC cross 
sections at HERA, which in the case of an anomalous d component would 
already have been seen in the HERA e~p CC data [50]-[54, 235, 236]. A u 
modification would cause a CC excess of about the same relative size as in 
the NC case. Rock and Bosted [237] analyze the SLAC data at very high 
X, 0.7 < X < 0.97, and find that a scenario a la Kuhlmann et al. would 
necessitate the introduction of large negative higher-twist contributions and 
would not be compatible with the Bloom-Cilman duality [238] , which relates 
the average cross section at low W to the perturbative DIS expectation. 

The above discussion does not include any physical motivation for a PDF 
contribution which is much harder than the standard valence distributions 
(and has hence been classified as a toy model by the authors, cf. Fig. 2.16). 
One possible explanation could, however, be the presence of a small valence- 
type CC component of the proton, i.e. the flavor state p = \uud) would be 
changed to pic = (1 — /3)\uud) + f3\uudcc) with (3 = 0(1%) {intrinsic charm, 
IC). This hypothesis has been introduced by Brodsky et al. [240] and improves 
to some extent the agreement between theoretical predictions and e.g. the 
EMC data [241] or measurements of Ac production inpp collisions [242]. In 
the context of the HERA results, IC has been discussed by Cunion and Vogt 
[243] and by Melnitchouk and Thomas [239]. The first authors assume that 
the IC contributions to the c and c PDFs are equal and do not cause a large 
effect for NC cross sections in the high-Q^, high- a: region. Melnitchouk and 
Thomas base their argument on a meson cloud model in which the nucleon 
can fluctuate to a virtual AcD^ pair, thereby inducing asymmetry between c 
and c and allowing for a c contribution which is concentrated at large x. The 
relevant plots from [239] are reproduced in Fig. 2.17. 

It becomes obvious that IC, within the bounds experimentally allowed, 
cannot easily account for an enhancement of the HERA NC cross sections at 
0-4 ^ X ^ 0.65 (corresponding to 190 GeV ^ M < 240 GeV) by more than 
about 20% and generates modifications which are even smaller than those 
in the model of Kuhlmann et al. In contrast, the corresponding variation of 
the CC e~^p cross section is considerable and in the reach of experimental 
sensitivity at HERA. Note, however, that a possible IC signature in e+p CC 
scattering at HERA will be hard to distinguish from the effect of a modified 
d/u ratio which may be of similar shape and magnitude (see Fig. 2.13). 

We want to conclude this section with the observation that modifications 
of the PDFs which significantly improve the agreement with the HERA NC 
measurements lead to changes in the CC predictions at a level close to present 
experimental sensitivity. 
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Fig. 2.17. Modification of the HERA high-Q^ cross section due to intrinsic charm: 
(a) extra contributions to the parton distributions at high x according to the models 
of Melnitchouk and Thomas (Sc, Sc), Gunion and Vogt and Kuhlmann et al. 

(Su). The resulting relative changes of (b) the e~^p NC and (c) the e"*'p CC cross 
sections dcr/dM at = 2 x 10"* GeV^ (with M = are shown according to 

the model of Melnitchouk and Thomas for two different normalizations (3 of the IC 
component (see text). All plots are taken from [239] 



2.2.2 Theoretical Scenarios Involving New Physics 

Hypothesized models involving particles or interactions not contained in the 
SM are generically denoted as new physics. Since HERA explores an as yet 
uncharted kinematic realm, it cannot be excluded that the first hints of such 
phenomena beyond the SM might show up and manifest themselves as modi- 
fications of the cross sections (and possibly other quantities) predicted by the 
SM. As a consequence, considerable excitement was stirred up by the HERA 
high-Q^ results [71, 72] which indicate a possible discrepancy between predic- 
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tion and observation. The relevant questions to be answered by phenomeno- 
logical studies of any particular non-SM scenario of ep scattering are: (i) can 
the HERA observations be explained? (ii) are the underlying assumptions 
and implications for other processes in accordance with the corresponding 
experimental data? (iii) which predictions can be made which are subject to 
future experimental investigation, and how can the model be distinguished 
from other approaches which may result in similar experimental signatures? 

Three classes of non-SM scenarios which have received particular atten- 
tion in the context of the HERA data will be summarized and examined in 
the light of these questions in the following sections: the resonant production 
of leptoquarks and i?p-violating squarks, and contact interactions. Finally, a 
synopsis of other ideas will wind up the discussion of non-SM contributions 
to ep DIS cross sections. 

Leptoquarks 

Leptoquarks (LQs) are hypothesized particles coupling to both leptons and 
quarks and carrying both lepton and baryon number. They are expected to 
exist in different extensions of the SM, like composite models with quark and 
lepton substructure [244], technicolor [245], grand unified theories (GUTs) 
based on different gauge groups [246]-[248] or superstring-inspired models 
[249]. Some of the recent phenomenological studies of LQ production at 
HERA are collected in [227]-[231, 250, 251]; related theoretical work like 
model-building approaches including LQs can be found in [252]-[263]. LQ- 
type squarks occurring in supersymmetric models will be considered in the 
next subsection. We will for now restrict our attention to LQs with masses 
below the HERA center-of-mass energy and the unique possibility of their 
direct s-channel production in ep reactions (see Fig. 2.18). Virtual effects in- 
duced by heavier LQs will be covered by the discussion of contact interactions 
at the end of Sect. 2.2.2. 




Fig. 2.18. Leading-order Feynman graphs for (a) s-channel LQ formation and 
decay in eq and (b) in eq scattering, and (c) for the u-channel LQ exchange in e~^q 
scattering (note that e~^q interactions require the exchange of an F = 0 LQ). The 
LQ-quark-lepton Yukawa couplings g and g' carry helicity indices characterizing 
the spin state of the electron (see Table 2.3) 
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Table 2.3. Classification of LQs following [264]. The columns F, S, T and Q 
denote fermion number, spin, weak isospin and charge, respectively. The signs and 
factors of the chiral coupling constants are only relevant for relating the couplings 
of members of one multiplet to each other. The LQ name conventions from [229] 
are in widespread use in experimental LQ analyses and are also used in this book, 
but they differ from those in [264], which have been adopted as the PDG standard 
[108]. Note that the couplings of the LQs with F — Q are denoted /il,r in [264] 
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Many authors have recently reviewed the phenomenology of LQs. The 
most important issues and conclusions are summarized in the following. 

LQ Classification. Using the natural assumptions that LQs conserve lepton 
and baryon numbers, respect the SU(2 )l x U(1)y symmetry, only couple to 
fermions and gauge bosons, and that their couplings to fermions are chiral, 
ten different LQ multiplets can be formed [264] from the left- and right- 
handed quarks and leptons of a given generation. The corresponding name 
conventions, quantum numbers and decay channels are summarized in Ta- 
ble 2.3 for the example of first-generation LQs, i.e. those which couple to u 
and d quarks, the electron and the electron neutrino. 

We observe that LQs can carry either spin 0 {scalar LQs) or spin 1 {vector 
LQs), that they can have fermion number F = 0 or ±2, and that some couple 
to both eq and nq' states, whereas others only have one coupling. In 
reactions, LQs with F = 0 can be produced from quarks, whereas LQs with 
F = — 2 require antiquarks in the initial state. Note that the full spectrum 
of LQs in Table 2.3 can in principle occur for any combination of lepton and 
quark generations, and that it is a priori not excluded that LQs might couple 
to different generations simultaneously. 

In some models, and also in the context of the HERA high-Q^ events, 
“unconventional” LQs have been considered which do not fit into the scheme 
of Table 2.3, i.e. these models explicitly break SU(2)l x U(1)y, involve right- 
handed neutrinos or exotic states beyond the SM, and/or have extended 
gauge structures [253, 255, 260, 261, 265]. 

LQ Production at HERA. For the moment, we want to postpone the discus- 
sion of existing constraints on LQ masses and couplings and instead investi- 
gate the experimental signatures of a hypothetical LQ production at HERA. 
In the case of s-channel production according to Figs. 2.18a,b, the LQ mass, 
Mlq, is equal to the invariant mass of the initial electron-quark system and 
is therefore given by M^q = xs if quark masses and QCD radiation effects 
inducing a nonzero initial-state virtuality are neglected. LQs of a given type 
would hence produce a resonance-like signal in x. 

The cross section induced by any of the LQs in Table 2.3 receives contribu- 
tions from the s-channel process (Figs. 2.18a,b), from the tt-channel exchange 
(Fig. 2.18c) and from the interference of each of these processes with the SM 
DIS amplitude. For LQs with small couplings, p^/(47r) <C 1, the LQ decay 
width [264] 

1 

rho = — M?a , (2.49) 

can be neglected in the cross section calculation {narrow-width approxima- 
tion, NWA). Using the NWA and taking into account only the dominant 
s-channel but not the w-channel and interference contributions, the cross sec- 
tion for ep LQ -k X with a subsequent decay LQ — > eq has been 
calculated in leading order [264]: 



56 



2. Deep Inelastic ep Cross Sections 



^ = — 



45 

1 



= / dy 



dffLQ 

dy 



Trg 

4s 



1 if 5 = 0 

6(1 -g)2 if 5'= 1 ’ 

(1 + S) (3e q{x, pIq) , 



(2.50) 

(2.51) 



where q is the initial-state quark PDF (usually evaluated at a mass scale 
/iLQ = IHlq), g is the appropriate coupling (taken to be the same for for- 
mation and decay), (3f,^v = BR(LQ — > iq,^l7q) denotes the branching ratio 
for the LQ decay into the final state under consideration, and Mlq and S 
are the LQ mass and spin, respectively. The cross section for LQ production 
with a q final state is given by (2.50) and (2.51) provided the appropriate 
branching ratio /3« is used. The leading QCD corrections to have been 
reported [251, 266] to be of 0(20-50%), rising with Mlq. 

The HERA LQ search analyses report exclusion limits on g as functions 
of Mlq (see Sect. 4.4.1). In particular, if M^q is close to s, or for LQ species 
produced from antiquarks or from quarks other than d or u, the coupling 
values corresponding to these limits do not necessarily fulfill the NWA, and 
the interference contributions (cr]^^) as well as the u-channel term (cr]],^'^) 
become important. Whereas is deselected by the searches since it does 
not produce a resonance-like x distribution, can contribute significantly 
to the signal close to the kinematic limit and even for Mlq > ^/s (more 
details can be found in Sect. 4.u.l). 

Assigning the HERA high-Q^ NC excess events from 1994-96 to LQ pro- 
duction yields Mlq = 0(200 GeV), and a coupling strength g which is in the 
range 0.01-0.08 if the LQ is produced from a valence quark, and of 0(0.25) 
in the case of an antiquark [227, 229, 267]. In either case, the resulting LQ 
width is limited to /lq < 1 GeV and hence smaller than the experimental 
resolution (see Sect. 3.3.3). It is interesting to note that e+g fusion to LQs 
with F = — 2 implies that the charge-conjugate process in e~p reactions in- 
volves valence quarks (provided q = d,u), and hence has a much larger cross 
section. In fact the absence of an LQ signal in the 1.5 pb“^ of e~p data col- 
lected at HERA in 1993 and 1994 [55, 56, 60, 63] and in 16.3 pb“^ of e~ p data 
from 1998 and 1999 analyzed preliminarily by ZEUS [268] almost completely 
rules out ]Fj = 2 LQs coupling to d or m quarks as possible explanations of 
the e^p excess. 

Figure 2.19 shows the modification of the NG cross sections da/dQ^ and 
da/dx by the presence of an LQ with Mlq = 200 GeV and /3e = 1, which 
is assumed to couple to e+u with a strength g = 0.02 . Obviously, an LQ 
with these specifications would give a significant excess cross section at high 
but the most striking and experimentally most distinctive property of 
LQ production is the spike in the x distribution. However, it is not only the 
experimental resolution in x which poses a problem in exploiting this signa- 
ture, but also uncertainties related to QED and QGD radiative corrections 
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to the presence of an LQ with mass Mlq = 200 GeV which couples to the positron 
and u quark with strength g — 0.02: (a) for dcr/dQ^ and (b) for da/dx. In (a), 
the different dependences of the LQ production are demonstrated for a scalar 
and a vector LQ, respectively. In (b), the LQ resonance in x is shown for the scalar 
LQ (the vector LQ would simply yield double the signal). The width of the LQ 
signal in x has been chosen to correspond to 5x/x = 0.05 and roughly reflects the 
experimental resolution, which by far exceeds the intrinsic LQ decay width 



[251, 266, 269, 270] and the QCD processes involved in the LQ fragmentation 
and decay® [271]-[274j. Both aspects have been analyzed in the quoted ref- 
erences, but as yet no Monte Carlo simulation containing NLO QCD matrix 
elements or specific LQ fragmentation models is available to the collabo- 
rations. The degree to which these issues affect the x or Mlq resolutions 
obtained by the different kinematic reconstruction methods (see Sects. 3.3.3 
and 1 . ±.l) is the subject of ongoing and future investigation. 

Bounds on LQ Parameters. The existence of LQs with masses and couplings 
in the characteristic range discussed above would have consequences for a 
large variety of different processes, from low-energy phenomena like atomic 
parity violation (APV) and pion decays to pp reactions at the highest avail- 
able energies. In many cases, LQ signatures are in the range of experimental 
sensitivity. A few examples will be collected in the following; detailed sum- 
maries can be found in [275]. 

® Since the typical lifetime of the LQs conjectured as an explanation for the HERA 
NC excess is long compared with hadronization timescales, these LQs may have 
the chance to fragment into color-neutral objects before they decay, thus chang- 
ing significantly the pattern of the QCD cascade emitted by the decay quark and 
proton remnant. 
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• Currently, the only accelerator besides HERA where production of LQs 
with a mass of 0(200 GeV) would be kinematically allowed is the Tevatron 
at Fermilab,® providing pp collisions with -s/s = 1.8 TeV. The LQs would 
dominantly be pair-produced by qq or gg fusion with an intermediate s- 
channel gluon. For scalar LQs, the couplings in this process are completely 
determined by as and the SU{3)c gauge structure and in particular do 
not depend on the LQ Yukawa couplings 5l,r, rendering a pair-production 
cross section which depends on Mlq as the only unknown parameter [278] . 
For vector LQs additional possible anomalous couplings come into play, but 
a lower bound on the LQ pair-production cross section which is indepen- 
dent of these unknowns has been calculated [279]. Using these predictions, 
the Tevatron experiments convert the observed numbers of candidates for 
the reaction pp LQ LQA with subsequent decays LQ — > eq or LQ ^ vq' 
into 95% confidence level limits on Mlq which are functions of (ie- For 
scalar LQs with /3e = 1 (/3e = 0.5), CDF [280] and D0 [281] quote lower 
limits of Mlq > 213 GeV (180 GeV) and Mlq > 225 GeV (204 GeV), re- 
spectively. A limit of Mlq > 242 GeV for /3e = 1 has been obtained from the 
combined CDF and D0 data [282] . For lower (3e the limits are weaker since 
the searches include final states with neutrinos, which are experimentally 
less well constrained. The exclusion plot from D0 for scalar LQs is shown 
in Fig. 2.20. For vector LQs, D0 has reported limits of Mlq > 298 GeV 
(270 GeV) [283] which, however, still await publication. In any case, the 
vector LQ limits are significantly stronger than those for scalar LQs and 
rule out vector LQ interpretations of the HERA data for the relevant mass 
range, Mlq < 240 GeV. 

• LQs with right- and left-handed couplings to ed and vu, respectively, would 
contribute to the helicity-suppressed decay tt’’' ^ e^v. The precise experi- 
mental confirmation of e-p universality in tt^ decays restricts the product 
of these couplings to 5LffR ^ 10“® (Mlq/200 GeV)^ [264], implying that 
LQs of the type 5'i/2 or V 1/2 (see Table 2.3) cannot mediate ed vu 
transitions at a level observable at HERA. 

• Data from several rare decays and the absence of flavor-changing neu- 
tral currents imply that LQs must be dominantly flavor-symmetric, i.e. 
couple neither to quark mass-eigenstates nor to leptons from different 
generations simultaneously. Quantitative bounds and theoretical implica- 
tions have been discussed in [275] and recently also in [228, 284]. Searches 
for LQs with lepton-flavor- violating couplings at HERA [59, 64, 84], 
and also for LQs coupling to second- or third-generation leptons at GDF 
[285, 286] and D0 [287, 288] did not yield evidence for the existence of 
such states. 

• Several LQ constraints from other low-energy measurements can be found 
in [275]. In addition, the impact of precision measurements of atomic 

® LQ production at the Tevatron and HERA is covered in a recent review [276]. 
The LQ discovery potential at future hadron colliders is discussed in [277]. 
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Fig. 2.20. Limits on scalar LQ parameters from D0. The shaded area represents 
the region which is excluded at 95% C.L. The plot is reproduced from [281] 

parity violation in cesium^° which have recently become available [289] 
is discussed in [290, 291]. The LQ scenarios proposed as explanations 
for the HERA high-Q^ excess events are compatible with these con- 
straints. 

• The question as to what extent virtual processes involving LQs would affect 
e+e“ cross sections or the electroweak parameters has been addressed by 
[229, 292]-[294], the general conclusion being that the current experimen- 
tal accuracy is not sufficient to exclude LQ scenarios which might explain 
the HERA excess events. 

Combining the bounds obtained, we can now discard most of the LQ 
species in Table 2.3 as potential sources of a possible HERA excess: the LQs 
with F= — 2 because of the HERA e~p data and also because the required 
large couplings would be in conflict with low-energy bounds, and the vector 
LQs because of the Tevatron limits. From the remaining S' 1/2 and S 1/2 LQs 
we know that ~ even if they coexist with the stringent Tevatron limits - they 
cannot couple to both e and v (tt decay). In particular, any contribution of LQ 
production to the CC cross section seems to be excluded. However, Babu et al. 
[292] argue that a mixing between different scalar LQs might produce CC-like 
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See the discussion of contact interactions below for more details on APV. 
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events and would furthermore avoid the Tevatron limits by reducing /3e- Other 
scenarios with LQ decays into neutrinos have been discussed by Altarelli at 
al. [265], Hewett and Rizzo [255], Sekiguchi et al. [261] and Xiao [263]. 

To summarize, an explanation of the HERA excess of high-Q^ events with 
LQs of the “standard” type summarized in Table 2.3 appears to be ruled 
out. On the one hand, the only two of the LQ species which are compatible 
with constraints from low-energy experiments and from the HERA e~p data 
decay exclusively to an electron and quark. On the other hand, a solution 
with Pe < 1 would be necessary in order to avoid the Tevatron limits (see 
Fig. 2.20). One needs to go to extended or at least fine-tuned LQ models 
in order to find solutions which resolve this dilemma and are at the same 
time compatible with all other experimental constraints. As already indicated 
in Fig. 2.20, it has become customary to treat /3e as a free parameter in 
experimental LQ search analyses, thereby implicitly presupposing that the set 
of assumptions leading to the LQ classification in Table 2.3 may be violated. 
One theoretical scenario containing LQ-type objects with alternative decay 
modes (and therefore with /3e < 1) will be discussed in the next subsection. 

i?p- Violating Squarks 

Supersymmetry (SUSY) is considered to be one of the most promising sce- 
narios to extend the SM and to overcome some of its inherent theoretical 
difficulties (see [295] for a detailed and comprehensive overview). In SUSY, a 
fermionic (bosonic) partner^ ^ is assigned to each SM boson (fermion), except 
in the Higgs sector, which is more complex. SM and SUSY particles differ in 
their i?-parity, which is defined as 



where B, L and S denote the baryon and lepton number and the spin of the 
particle. 

In the minimal supersymmetric model (MSSM) Rp is required to be a 
conserved quantity, with the immediate consequences that SUSY particles 
can only be produced in pairs, and that the lightest SUSY particle (LSP) 
must be stable. This scenario does not offer a straightforward explanation of 
anomalous DIS cross sections (see, however, [296, 257] for an i?p-conserving 
extension of the MSSM which could produce anomalous high-Q^ cross sec- 
tions at HERA). However, Rp conservation is not an indispensable ingredient 
of SUSY and can be abandoned, allowing one to add Yukawa- type terms to 
the superpotential which include squark-quark-lepton couplings and thus 

SUSY partners of fermions are denoted by a prefix s, like sfermion, whereas 
partners of bosons are characterized by the ending -ino, like photino. 




for SM particles 
for SUSY particles 



(2.52) 
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allow for LQ-like production and decay mechanisms of squarks. The relevant 
terms in the Lagrangian are given by [297] 






fj pi 
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+ h.c. 



(2.53) 



where the tilde indicates sfermions (which are scalar), the superscript c de- 
notes charge-conjugate spinors and the f, j, k are generation indices. Actually, 
the superpotential acquires two further contributions with couplings Xijk and 
X"ijk, which, however, would induce lepton number violation (Xijk) or baryon 
number violation (X"ijk) [298] if they were present simultaneously with the 
terms in (2.53), and are hence assumed to be negligible. If the Xijk terms 
are nonzero, they also induce contributions to e+e“ scattering and allow for 
single-slepton production in e“'"e“ or pp reactions which both might be in 
reach of experimental sensitivity at LEP or the Tevatron [299, 300].^^ The 
phenomenology of direct production of i?p-violating squarks at HERA has 
recently been covered in a series of publications [227, 229]-[232, 265, 302]- 
[311] . A compilation of current upper limits on the Xijk , X'^jf. and X'ijk derived 
from various experimental constraints can be found in [312]. Different the- 
oretical aspects of SUSY scenarios with Rp violation and their embedding 
in fundamental gauge symmetries are discussed in [313]-[318] in the light of 
corresponding interpretations of the HERA data. 

If the relevant couplings are nonzero, (2.53) allows for production 
and subsequent decay of squarks in e+p reactions via 

{e+yd^ e+d , 

(e'^yu^ dX ^ e^w, vd , (2-54) 



according to the LO Feynman graphs in Fig. 2.21. The generation indices 
i,j, k have only been indicated for the initial-state particles and the squarks 
in (2.54). In general, the flavor indices of the final state can differ from those 
of the initial state, as indicated in Fig. 2.21. At HERA, obviously f = 1 is 
required, and reactions involving valence quarks are only possible for k = 1 
and d quarks. Note that in this case no CC-type final state can be produced. 

The squarks in (2.54) act exactly like scalar LQs (where and d-f corre- 
spond to the left-handed states of S 1/2 and So, respectively, in Table 2.3 [59], 
with the one important exception that they will in general have competing 
i?p-conserving decay modes and can hence avoid the Tevatron limits and the 
dilemma pointed out for LQs at the end of the previous subsection. In all 
other respects, the statements made about scalar-LQ production at HERA 

The presence of Xijk or X^k terms might also affect the interactions of ultrahigh- 
energy cosmic neutrinos in a way which could be observed in large- volume neu- 
trino telescopes [301]. 
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Fig. 2.21. Leading-order Feynman graphs for s-channel squark formation and de- 
cay in (a) ed and (b) eu scattering. The squark-lepton-quark vertices are charac- 
terized by Yukawa couplings (initial state) and or A'/^/j. (final state). The 
quark flavors d and u are used here to denote d- and «-type quarks of any generation 

(and also at the Tevatron) are directly applicable to the case of i?p-violating 
squarks. In particular, the cross section formulae (2.50) and (2.51) remain 
valid after replacing LQ — > q and g,g' Kjk^K'j'k'- 

The major results of several careful studies of the phenomenological as- 
pects of the squark scenario which were published before [299, 320]-[321] and 
after [227, 229]-[232, 265, 302]-[311] the advent of the HERA high-Q^ excess 
can be summarized as follows: 

• If more than one of the couplings AE^ is nonzero for any particular squark, 
lepton flavor violation or flavor-changing neutral currents are induced at 
tree level. One therefore usually assumes that all but one of the AO^ are 
zero (an approach with several nonzero A(^^, is discussed by Belyaev and 
Gladyshev [303]). However, some residual flavor-changing potential is left 
since the flavor states in (2.53) are the weak eigenstates which are con- 
nected to the mass eigenstates via the nondiagonal CKM matrix [227] . 

• The relevant couplings and (for initial-state sea quarks) Aj^ 2 J 

or \'i 2 k severely constrained by low-energy phenomena. Note that ~ 
in contrast to the LQ case “ any nonzero implies that all six terms 
in (2.53) are present and contribute to a large spectrum of processes. The 
most restrictive bounds are derived from limits on neutrinoless double-beta 
decay (which effectively rule out contributions from cf. Sect. 1.4.1), 
from charged-current universality (eliminating Aj^j^;,) and from limits on the 
electron-neutrino mass (deleting A ^22 A ^33 from the list). As in the LQ 

case, e+M — > is also almost certainly excluded by the absence of a signal 
from the charge-conjugate process in the HERA e~p data. 

• The remaining possibilities which might explain the HERA high-Q^ excess 
events are 



^ c ^ 


{tjk) = (121) , 


(2.55) 


e^d —>■?—>■ e'^q 


(ijk) = (131) , 


(2.56) 


e'^s i ^ e'^q 


{ijk) = (132) . 


(2.57) 
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• The reaction channels with stop (t) production have attracted particular 
attention since they involve the additional subtlety of tR-tL mixing, which 
is expected to be more pronounced for the stop than for other squarks 
owing to the high top mass. They were investigated by Ellis et al. [307], 
Kim and Ko [309] , Asakawa, Kamoshita and Sugamoto [302] , and Kon and 
Kobayashi [310], who argue that the existence of two mixing stops with sim- 
ilar masses in the HERA range leads to a broad x spectrum of the signal 
and could thus explain the absence of a sharp peak in the data. However, 
it has also been claimed recently [322] that the SUSY parameter space in 
which reaction (2.57) is allowed is severely constrained by the experimen- 
tal limit on the electron-neutrino mass in conjunction with corresponding 
theoretical contributions due to the sneutrino vacuum expectation value. 

• As for the LQs, none of the preferred solutions involves I'q final states, 
and there is hence no natural explanation for a CC cross section anomaly 
in the i?p-violating SUSY scenario. Several authors [265, 304, 311] have 
investigated the question whether i?p-violating SUSY would provide reac- 
tion mechanisms which mimic the experimental CC signatures and would 
be interpreted as a CC excess. They confirm that pg final states are ex- 
cluded, but argue that i?p-conserving cascade decays of the stop may en- 
tail multiquark final states with large missing transverse momentum due 
to neutrinos or LSPs. However, although such events would enter the CC 
selections of ZEUS and HI, they in general contain multiple hadronic jets 
and should easily be distinguishable from typical high-Q^ DIS events like 
the one shown in Fig. 1.3. 

As already indicated above, the experimental situation in an i?p-violating 
SUSY scenario is characterized by the decay of the squarks into a variety of 
i?p-conserving channels in addition to the i?p-violating eg mode. The com- 
bined i?p-conserving branching ratio typically exceeds 50%, thus providing 
an additional handle for squark searches. A detailed account of possible decay 
channels and their experimental signatures at HERA has been worked out in 
[323] . Recently, it has been suggested that scenarios involving squarks might 
explain the HI observation of an excess of events characterized by missing 
transverse momentum, an isolated lepton (e or /i) with high transverse mo- 
mentum and a hadronic jet [88]. This event topology (denoted by in 

subsequent chapters) is compatible with a decay chain i ^ b+W dv + Iv 
(equivalently for c). However, as yet none of the direct searches for production 
of i?p-violating squarks in e+p scattering (by ZEUS [78] and HI [65, 85]), in 
e+e” reactions (by ALEPH [324] and OPAL [325]) and in pp scattering (by 
CDF [326] and D0 [327]) has yielded positive evidence in any of the decay 
channels investigated. 

To summarize, there are scenarios of i?p-violating SUSY which could 
accommodate an anomalous high-Q^ NC cross section compatible with the 
recent HERA measurements. However, no excess of CC-type events with the 
typical DIS (H-l)-jet topology is expected in these models. 
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Contact Interactions 

In the last two sections we have dealt with the direct production of conjec- 
tural LQs or squarks at HERA. We will now turn to scenarios in which the 
high-Q^ ep cross sections are modified by virtual effects of new interactions at 
a much higher mass scale than the HERA center-of-mass energy. One can de- 
scribe a broad spectrum of such processes by parameterizing their low-energy 
manifestations as an effective four-fermion interaction, the so-called contact 
interaction (Cl). In the following, we will discuss general aspects of CIs and 
their impact on ep and other cross sections, and collect the constraints due 
to existing experimental data. Finally, we will classify those scenarios which 
avoid these constraints and might be in the reach of experimental sensitivity 
in the investigations of ZEUS and HI (see Sect. 4.4.2). 

Cl Cross Sections. The effective diagram for electron-quark CIs and Feyn- 
man graphs of some processes which it might represent are shown in Fig. 2.22. 
In particular, CIs can parameterize virtual effects of LQs or i?p-violating 
squarks, of additional gauge bosons, or of composite leptons and quarks. 
However, CIs are good approximations for these scenarios only if their char- 
acteristic mass scales are large compared with the HERA center-of-mass en- 
ergy. Also, for interactions of composite quarks with pointlike electrons or 
vice versa, the ep cross section is modified by a form-factor term and CIs are 
inappropriate [328]; we will shortly address this case at the end of this section. 

The most general effective Lagrangian for eeqq CIs is given by 

XI [^LL(^7MeL)(a7'"'?L) + ??RR(m7MeR)(9R7^9R) 

<1 

+ ??LR(^7A^eL)(gR7''<?R) + 7RL(^7MeR)(9L7''9L)] 

-I- scalar terms -I- tensor terms , (2.58) 

where the subscripts L and R denote the left- and right-handed helicity pro- 
jections of the respective fermion fields, g is the overall coupling, A is the 
mass scale and e is an overall sign which determines whether the interference 
with the SM amplitude is constructive or destructive. A prominent historical 
example of a Cl-type effective theory is the description of weak interactions 
in terms of the Fermi constant, Gp, which is the exact equivalent of g^ j A? . 
A specific combination of e and the coefficients {m,n =L,R) is referred 
to as a “Cl scenario” in the following; any given theoretical model inducing 
CIs is related to one particular such scenario. In most Cl searches, each of 
the is assumed to be either ±I or zero. Once the are fixed, the Cl 
strength is given by the ratio of g and A and is usually quantified in terms 
of an effective mass scale defined by 



g convention 47T 

A^ = (a;^ • 



(2.59) 



2.2 Modifications of the Standard-Model Scenario 



65 







Fig. 2.22. The effective con- 
tact interaction diagram (a) and 
three examples of leading-order 
Feynman graphs it might repre- 
sent: (b) s-channel formation of 
an LQ; (c) t-channel exchange 
of a massive neutral gauge bo- 
son and (d) exchange interac- 
tion of composite fermions 



In the following, the superscript “eff” will be omitted and A will always de- 
note the effective scale. The scalar and tensor terms in (2.58) are strongly 
constrained by data on helicity-suppressed decays [275] and will not be con- 
sidered further here. In various publications [227, 265, 329]-[335] the phe- 
nomenology of CIs in ep reactions at HERA has recently been investigated. 
Some authors have also related the interpretation of the HERA high-Q^ ex- 
cess events in terms of CIs to higher-dimension gauge symmetries [336]-[338] 
and also to the possible existence of extra neutral gauge bosons [339]. 

The ep cross section including CIs is given by the SM formula, (2.4), 
if Aq and Bg from (2.7) and (2.8) are replaced by [340] 

MQ^) ^ : 

Bq{Q^)^Vq^A];-Vq^Af , 

KT = Qq- ± Oe) Vq Pz + : 

- i'>^e±ae)aqPz+ ■ (2-60) 

In (2.60), the superscript m is L or R; the plus (minus) sign in the definitions 
of Vq™ and A™ is for m = L (m = R). Three observations can be made, (i) 
enters linearly into the SMxCI interference terms but quadratically 

Note that CIs are an effective, nonrenormalizable theory. In particular, virtual 
loop corrections are divergent. Consequently, CIs are always used in leading 
order; see Sect. 4.4.2 for a description of how the dominant radiative corrections 
due to photon emission are taken into account. 
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into the CIxCI terms. In fact both contributions are important for typical 
A scales under discussion for HERA, (ii) On first sight, the CIs seem to 
modify only dtr/dQ^ but not dcr/dx. However, the different y dependence 
of the J -2 and contributions effectively induces an x dependence of the 
ratio crsM+ci/csM of the doubly differential cross sections. An additional x 
dependence of the integrated cross section dcr/dx is of course introduced by 
the fact that the average x is a function of . (iii) Cl effects for e+p and e~p 
NC scattering differ by the relative sign of the T 2 and terms. The pattern 
of cancellations between the four principal contributions to the Cl-induced 
cross section (SMxCI and CIxCI terms in T 2 and IF 3 ) therefore depends 
both on e and on the charge of the initial-state lepton. Many combinations 
of the yield significantly different experimental sensitivities for e = -|- 1 
and for e = — 1 ; typically, this “asymmetry” is reversed between e^p and e“p 
scattering. Cl searches in e+p and e“p data are hence complementary, and 
the HERA results reported in this book will have to be combined with Cl 
searches in the e“p data to reach optimal sensitivity to all Cl scenarios. 

In Fig. 2.23 the effect of a Cl on the e+p DIS cross section is shown for 
the case that all are equal (denoted “VV” below, see Table 2.4) and that 
A = 3TeV. 

As a consequence of crossing symmetry, the presence of an eeqq Cl will 
also affect hadron production in e+e“ scattering and Drell-Yan processes in 
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Fig. 2.23. Modification of the NC e'^p DIS cross sections by a Cl of type VV (see 
text) with A = 3TeV. Shown are the ratios (a) of the cross sections da/dQ^ and 
(b) of da /dx with and without Cl, for constructive {solid lines) and for destructive 
{dashed lines) SMxCI interference 
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pp collisions. It is, however, important to note that the relative sign of the SM 
and Cl amplitudes changes under crossing, with the consequence that con- 
structive interference in ep scattering corresponds to destructive interference 
in the other two reactions and vice versa. Also, for e“'"e“ and pp scattering 
the LL and RR contributions are strongest, whereas in e+p scattering these 
are suppressed by (1 — with respect to the LR and RL terms. 

So far, we have only considered eeqq CIs, which are relevant for NC DIS 
at HERA. The CC equivalents are etyqq' CIs, which are governed by a La- 
grangian that is identical to (2.58) except that the ?7 rl and ? 7 rr terms are 
absent since they would involve right-handed neutrinos. Again, scalar and 
tensor terms, but also the t^lr contribution, are ruled out by pion decay 
data [odd]. The remaining t^ll modifies the CC cross section by a weakly 
Q^-dependent factor [d42] (see (2.19), (2.20)): 



Gl ( Y 1 /Gf tt 

2Tr\Q^ + M^J ^ TT\y^Q^ + M^^ 2A^ 



(2.61) 



One obvious way to relate eeqq and evqq' CIs is to require SU(2 )l x U(1)y 
invariance, whence [ddO] 



„eedd ^eeuu 

7RL — 7RL 5 

„eedd ^eeuu ^eund 

7LL ~ 7LL — 7LL ^ 



(2.62) 



where now the superscript of the 77 ’s denotes the fermions participating in the 
contact interaction. In addition to evqq' CIs, SU(2 )l x U(1)y symmetry also 
implies the existence of vvqq terms which have experimental consequences 
for neutrino-nucleon reactions. 

Experimental Constraints on CIs. In addition to those from HERA (see 
Sect. 4. a. 2), experimental constraints on CIs come from high-energy acceler- 
ator data (CDF [343], D0 [344] and CCER [345] at the Tevatron, ALEPH 
[346, 347], DELPHI [348], L3 [349] and OPAL [350, 351] at LEP), from the 
investigation of virtual effects in Z production at LEP [352] and from low- 
energy measurements. A recent global Cl analysis taking into account all 
these data and their statistical and systematic uncertainties can be found in 
[353]. 

Of the low-energy experimental data (see [290, 305, 330] for details), the 
atomic-parity-violation (APV) results turn out to be particularly restrictive 
for CIs. They are sensitive to a parity-violating mixing of S and P states 
in atomic cesium, from which the “weak charge” of the nucleus, Qw, can be 
inferred. Qw receives a well-defined contribution from the SM and would 
be modified by Cl according to 

Limits on CIs including heavy right-handed neutrinos have been derived from 
the supernova SN1978A data [341]. 

Cesium is particularly suited for these measurements since its atomic wave func- 
tion is accurately known and Q„ can therefore be derived with high accuracy 
(0(1%)) from the experimental results [354]. 
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{Vll + Vlr ~ Vrl ~ ^rr) 

+ ^J^Gf 5 ^ ~ ~ 

{Z and N are the numbers of protons and neutrons in the nucleus). On the 
basis of a recent measurement [289], Qw has lately been redetermined with 
improved precision [355], yielding [291] 

A®’'PQw = 1-28 ±0.46 . (2.64) 

This result translates into lower limits on A of 8-20TeV, provided only 
one of the rjinn is nonzero. However, any Cl which is parity-conserving will 
have = 0 and hence avoid the APV constraint. Furthermore, mutual 

cancellations of several Cl-like processes may occur [356]. If taken at face 
value, (2.64) implies the existence of a non-SM contribution to Qw at the 
2.5(7 significance level, which could e.g. be a Cl with A = 0(10 TeV). Other 
scenarios beyond the SM resulting in a nonzero AQ^ are discussed in [291, 
357]. 

Several authors have analyzed the compatibility of the aforementioned 
data with a Cl interpretation of the HERA high-Q^ results for NC [227, 329, 
330, 334, 358] and CC [265, 332, 335] reactions. We will not reproduce a 
detailed synopsis of all relevant data and theoretical considerations here, but 
instead conclude that the existing HERA data are not sensitive to CC CIs 
of a size corresponding to the exclusion limits of other experiments. In the 
NC case, typical eeqq CIs which have been proposed as explanations of a 
significant increase of the HERA NC cross sections at high are parity- 
conserving combinations with scales in the range A = 3-4TeV. However, 
most such scenarios are severely constrained by existing data from e^e“, 
pp and low-energy experiments. As an illustrative example. Fig. 2.24 (repro- 
duced from [330]) demonstrates how the CDF Drell-Yan data restrict the 
CIs which would fit the 1996 combined HI and ZEUS distributions best. 
Nevertheless, the overall conclusion certainly depends on the exact properties 
of the HERA high-Q^ data as studied in the ZEUS and HI Cl analyses (see 
Sect. 4.4.2). 

Classification of Cl Scenarios. Although a priori there are no constraints re- 
lating the different to each other, most experimental Cl analyses search 
for signals corresponding to specific linear combinations of them. This pro- 
cedure allows us easily to impose physics constraints on the Cl scenarios 
under study (e.g. requiring parity conservation) and simplifies the statisti- 
cal treatment. The typical Cl scenarios investigated in experimental analyses 
are listed in Table 2.4 (each row in this table corresponds to two Cl scenar- 
ios, differing in their overall sign). As indicated, all but the “purely chiral” 
scenarios (LL, LR, RL, RR) avoid the APV constraints, and only some of the 
U1-U6 combinations violate the SU(2 )l symmetry or would induce evqq' CIs 
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Fig. 2.24. Drell-Yan lepton-pair production cross section measured by CDF as a 
function of the invariant mass of the lepton pair {points with error bars) compared 
with the SM prediction and various Cl scenarios. The lines represent results of Cl 
fits including different selections of data sets. The figure is reproduced from [330] 



if this symmetry holds. These Un terms (which could be constructed for the 
d quarks as well) are studied at HERA since the corresponding SM cross sec- 
tions are dominated by u quarks and the resulting CI-SM interference terms 
are therefore the largest to be expected for a given A. A Cl signal from this 
source could therefore manifest itself at HERA while avoiding strong SU(2 )l 
breaking effects e.g. at LEP. 

Note that the Cl classification in Table 2.4 involves first-generation 
fermions only. Whereas this is obviously correct for the lepton (which is 
forced to be an electron by the choice of the initial state or by the signal 
definition), the situation is more complicated for the quark sector. In ep and 
pp interactions, at least one of the quarks has to be present in the initial 
state, implying that effects of second- or third-generation quarks are strongly 
suppressed. In contrast, quark-antiquark pairs of all generations can be pro- 
duced in e+e“ reactions, and Cl results derived e.g. from the total hadronic 
cross section at LEP therefore depend on assumptions relating the for 
different quark generations. 
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Table 2.4. Cl combinations considered in experimental analyses. The 77 ^^ rep- 
resent the coefficients of the respective helicity terms in the vector part of the 
Lagrangian (2.58). Plus or minus signs are used to denote +1 and —1, respec- 
tively. Each row corresponds to two Cl scenarios differing in the overall sign, e. The 
columns marked P, SU(2)l and CC indicate whether the Cl scenarios conserve par- 
ity (i.e. avoid the APV limits, cf. (2.63)), whether they conserve SU(2 )l symmetry 
and whether they would also induce euqq' CIs if SU(2 )l symmetry holds (see (2.62). 
The last column indicates recent phenomenological publications in which the partic- 
ular Cl was discussed. The X3 (X4) combination is sometimes denoted by LL-I-RR 
or VO (LR-I-RL or AO) in the literature 
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Other Approaches 

The phenomenological scenarios developed in the preceding sections represent 
particular approaches for extensions of the SM. Although the large majority 
of publications related to the high-Q^ excess of e+p events at HERA elabo- 
rate on these approaches, there are also a few other ideas which potentially 
yield modifications of the high-Q^ cross sections. In the following we briefly 
summarize four classes of such ideas. It is beyond the scope and intention 
of this book to judge whether all of these suggestions are self-consistent and 
compatible with existing experimental data and theoretical constraints. 

Compositeness. Compositeness denotes a class of models in which the funda- 
mental particles of the SM are compound objects, built of pointlike “preons” . 
Complementary to the contact term approach, which covers the phenomenol- 
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ogy of compositeness at large mass scales, some authors [328, 359, 360] spec- 
ulate that the HERA data could be due to the direct production of excited 
states or heavy partners of the SM fermions. Whereas Adler [359] conjectures 
an object decaying into e^g, which would be consistent with the observed 
event topologies, the other authors assume final states containing a fermion 
and an electroweak gauge boson, which do not reflect the experimental ob- 
servation but could potentially pass the ZEUS and HI DIS event selection. 

It should be noted that both ZEUS [66]-[68, 80] and HI [60, 70, 87] 
have searched for the production of excited electrons and neutrinos and their 
subsequent decay to ey, eZ, vW or eW, vZ^ respectively. No indication 
of a signal has been found in any of the decay channels investigated. 

Particular experimental signatures are expected if the mass scale is much 
larger than the HERA center-of-mass energy and exchange graphs of the 
type Fig. 2.22d are prohibited, either because only leptons or only qarks are 
composite, or because they don’t carry common constituents. In this case, 
the modification of the DIS differential cross sections can be approximated 
by a form-factor term [361], 

CT = asM (^1 - > (2-65) 

where R is the effective radius of the composite fermion.^® Equation (2.65) 
is a valid approximation only \i R?Q^ <C 1. On the basis of data taken up 
to 1994 (1995), HI [61] (ZEUS [362]) have derived upper limits of i? < 2.6 x 
10”^® cm (1.4 X 10“^® cm) at 95% C.L., corresponding roughly to the expected 
spatial resolution of 1/\/Q1^ (see Sect. 2.1.2), where ~ lO^GeV^ is 

the maximum covered by those data. Recently, HI has reported a limit 
of i? < 1.7 X 10“^® cm [86] based on the 1994-97 data. However, one has to 
keep in mind that (2.65) predicts a decrease of the cross section at high 
where actually an excess is observed; limits on R derived from these data 
must hence be interpreted with care, irrespective of whether the excess is 
caused by a fluctuation or has a physics origin. 

Extra Spatial Dimensions. Recently, a theoretical framework containing n 
extra space dimensions of size Rg has been suggested [363] in the context of 
models featuring quantum gravity. Striking properties of this scenario would 
be the existence of a characteristic mass scale for gravitation, Md, which 
is related to the Planck mass, Mp, by Mp = 1/Gn ~ R^ (Gn be- 

ing the gravitational constant), and a violation of Newton’s law at distances 
smaller than Rg. However, since gravitation has not been tested at submil- 
limeter distances, such scenarios can be consistent with existing experimental 
constraints if n > 2 and Rg < 100 pm [364]. 

In the related phenomenology [365], the gravitons are massless spin-2 
objects propagating in 4 -|- n dimensions, whereas the SM particles are con- 
strained to the usual 3-1-1 space-time dimensions. The projections of the 



If both leptons and quarks are composite, is the quadratic sum of both radii. 



72 



2. Deep Inelastic ep Cross Sections 



gravitons onto four dimensions produce a spectrum of Kaluza-Klein exci- 
tations coupling to the energy-momentum tensors of the SM particles and 
thus inducing non-SM contributions to the eq and also to the eg scattering 
amplitudes. Summing over the spectrum of Kaluza-Klein excitations up to 
masses of Md, one obtains modifications of the ep cross sections that depend 
on an effective coupling Ag/M^, where Ag is expected to be of the order of 
unity. 

The experimental signature for extra dimensions at HERA would be sim- 
ilar to that of CIs, although the exact kinematic dependence of the cross 
section modification would be different. In a search for corresponding devi- 
ations from the SM prediction in the 1994-97 e^p data [86], HI found no 
significant evidence for extra spatial dimensions and placed 95% C.L. limits 
of Md > 0.48 TeV (Md > 0.72 TeV) for Ag=-|-1 (Ag= — 1). Exclusion limits of 
similar magnitude have been reported by the LEP experiments [351, 366, 367]. 

Alternative Higgs Sector. White [368] constructs a theory which is SM-like, 
except that the Higgs sector is replaced by a flavor doublet of color-sextet 
quarks and the electroweak symmetry breaking is a strong-interaction effect. 
In this scenario, the ep cross sections at above the weak scale, i.e. ex- 
ceeding M^ 2 , may receive extra contributions from instanton interactions 
involving the color-sextet quark doublet. 

Tensor Admixture to the V—A Currents. Chizhov [369] has argued that a 
small tensor admixture to the SM V—A currents can explain both increased 
HERA NC and CC cross sections and anomalous tensor form factors mea- 
sured in rare tt and K decays. In this model, the tensor current is mediated 
by new heavy bosons which are described by an antisymmetric second-rank 
tensor field. Possible constraints from low-energy processes other than tt and 
K decays are not discussed. 
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The survey of theoretical and phenomenological aspects of ep DIS at high 

in the previous chapter related measured cross sections and distributions 
to interpretations in terms of underlying models and the determination of 
their parameters. We now want to discuss the experimental issues relevant to 
deriving theoretically interpretable measured quantities from the ep collisions 
provided by HERA. We will emphasize the aspects which are important for 
the high-Q^ analyses. 

Two multipurpose hybrid detector systems select and register ep reac- 
tions at HERA. They have been designed and built and are maintained and 
operated by the international collaborations ZEUS and HI. Although quite 
different in details of technical solutions, both detectors accomplish similar 
design principles, which are enforced by the particular accelerator environ- 
ment at HERA and by the common physics goals. 

Section 3.1 is devoted to a comparative description of both detectors with 
special emphasis on the central components. An account of the methods, qual- 
ity and limitations of the Monte Carlo (MC) event and detector simulation 
and a survey of the MC generators used for the high-Q^ analyses are given in 
Sect. 3.2. The offline reconstruction of event topology and kinematic variables 
from the raw detector data is discussed in Sect. 3.3, and the selection of the 
final NC and CC high-Q^ DIS event samples, including studies of background 
sources and selection efficiencies, is detailed in Sect. 3.4. Finally, some figures 
characterizing the data samples used for the ZEUS and HI high-Q^ analyses 
are presented in Sect. 3.5. 



3.1 The ZEUS and HI Detectors 

The general outline of both the ZEUS and the HI detectors is dictated by 
the goal to register as completely and accurately as possible the final-state 
particles in many different ep reaction categories. As a consequence, both 
detectors are hermetic with the exception of holes to accommodate the beam 
pipe in the forward and backward directions, providing a coverage of more 
than 99.6% of the full solid angle. Also, they exhibit a marked forward- 
backward asymmetry, adapted to optimal measurement of the final states of 
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ep reactions with a center of mass which moves into the forward (i.e. proton) 
direction with an overall velocity of 0.935c for the 1994-97 beam energies. 

The accelerator environment at HERA is characterized by the high bunch- 
crossing frequency of 10.4 MHz, which necessitates fast detection and readout 
techniques, and by a large background-to-signal ratio caused by high rates of 
interactions of beam protons with residual gas molecules in the beam pipe and 
with beam-line elements. Both aspects require fast multilevel trigger systems 
based on pipelined storage buffers to reduce the overall interaction rate of 
0(10^ Hz) by roughly four orders of magnitude before writing reaction data 
to mass storage. 

We will, in the following, summarize the design and structure of both 
detectors (Sect. 3.1.1) and then focus on those components which are of 
particular importance for the high-Q^ analyses. 

3.1.1 Overview 

A schematic overview of the ZEUS detector is shown in Fig. 3.1; the equiva- 
lent for the HI detector in the pre-1995 configuration is presented in Fig. 3.2. 
Detailed technical reports describing the design, test and initial operational 
experience of the detectors are available both for ZEUS [370] and for HI 
[371, 372]. We will summarize the detector setups below, and also men- 
tion their most relevant changes since 1993. Thereafter the components 
which are of particular importance for the high-Q^ analyses will be pre- 
sented in more detail: the calorimeters (Sect. 3.1.2), the central tracking 
detectors (Sect. 3.1.3), the luminosity monitors (Sect. 3.1.4) and the triggers 
(Sect. 3.1.5). 

The ZEUS Detector. Enclosing the nominal interaction point (IP), a system 
of wire drift chambers provides precise track measurements. The principal 
component is the cylindrical central drift chamber (central tracking device, 
CTD) [373], covering an angular range of approximately 15° < 9 < 164° {9 
being the polar angle with respect to the proton beam direction). An addi- 
tional cylindrical wire chamber serving as a vertex detector (VXD) [374] was 
not used for analysis purposes after 1993 and was removed in the 1995/1996 
winter shutdown. It will be replaced by a silicon microstrip detector scheduled 
to be operational from 2001 onwards. The central tracking detectors oper- 
ate in a longitudinal magnetic field of 1.43 T, provided by a superconducting 
thin solenoid surrounding the CTD. A planar drift chamber end cap in the 
rear direction (RTD), and a forward system of planar drift chambers [375] 
interleaved with transition radiation detectors [376] (FDET) complement the 
central tracking components. 

A sampling calorimeter (CAL) [377] with alternating layers of depleted 
uranium as an absorber and a scintillator as an active material surrounds 
the tracking volume and the solenoid. It consists of planar forward (FCAL) 
and rear (RCAL) parts and of a cylindrical central part (barrel calorimeter, 
BCAL). Each of these parts is further segmented into independent read- 
out cells, thus providing position in addition to energy measurement. The 
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Fig. 3.1. The ZEUS detector. See text for a discussion of the components 



CAL parameters are designed such as to ensure equal response to hadronic 
and electromagnetic showers {compensation) , compromising the electromag- 
netic resolution to some extent. Since 1998, CAL has been complemented 
by a lead-scintillator sandwich calorimeter covering the very forward region, 
0.6° ^0^6° (forward plug calorimeter, FPC [378]). In the rear direction, a 
hodoscope of crossed scintillator strips covers the inner surface of the RCAL 
close to the beam pipe (small-angle rear tracking detector, SRTD) [379] and 
supports position as well as energy measurement of scattered electrons in 
NC DIS reactions with < 70GeV^. Since the 1995 data-taking period, 
RCAL and FCAL have been equipped with one-layer scintillator preshower 
detectors (presampler, RSAM and FSAM) [380], which are used to correct 
for energy loss of electrons and photons in the inactive material in front of 
the calorimeter. The barrel equivalent has been operational since 1999. Also, 
both FCAL and RCAL incorporate a layer of silicon detectors, which are 
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Fig. 3.2. The HI detector in the 1994 conhguration. See text for a discussion of 
the components 



positioned at a depth corresponding to the average longitudinal maximum 
of electromagnetic showers and serve to distinguish hadrons and electrons 
(hadron-electron separator, HES) [-'I?, 381]. 

Two further components close the central detector. The backing calorime- 
ter (BAG) [382], consisting of instrumented iron layers forming the return 
yoke of the solenoid, measures shower leakage out of the CAL and contributes 
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to muon identification. A system of muon detectors [383], equipped with 
limited-streamer tubes, is installed in the rear (RMUON), central (BMUON) 
and forward (FMUON) directions. It serves to identify muons and, using 
the return yoke magnetization and a toroidal magnetized iron setup in the 
forward direction, to measure their momenta. 

A series of additional detector components is situated at larger distances 
from the IP, mostly for detection of the scattered electron in very low-Q^ 
reactions (like the beam pipe calorimeter, BPC, which was mentioned in 
Sect. 2.1.4), or the leading baryon in diffractive-type interactions. The only 
outer detector component which will be discussed here is the luminosity 
monitor, comprising two electromagnetic calorimeters [384] which are placed 
downstream in the e-beam direction and are designed to measure electrons 
(LUMI-e) and photons (LUMI- 7 ) from Bethe-Heitler processes ep — > ep'j. 

The HI Detector. As in the case of ZEUS, the volume around the IP is occu- 
pied by tracking detectors: two central, concentrically cylindric jet chambers 
(CJC) [385]-[388] are complemented by a silicon-strip microvertex detector 
operational since 1995 [389], by a planar arrangement of drift chambers and 
passive transition radiators in the forward direction (FTD) [390]-[392], and 
by a backward proportional chamber (BPC), which was replaced by a planar 
drift chamber (BDC) in 1995. Additional multiwire proportional chambers 
are used for triggering purposes [386, 393]. The rear, the central, and parts 
of the forward tracking detectors are situated in a longitudinal magnetic field 
of about 1.15 T, produced by a superconducting solenoid, which - in contrast 
to the situation in ZEUS - also encloses the calorimeter. 

The HI main calorimeter [394]-[396] covers the central and forward region 
(4° < 0 < 153°) and uses liquid-argon technology, with lead absorbers in the 
electromagnetic section and stainless-steel absorbers in the hadronic section. 
The forward cone (0.7° < 9 < 3.3°) is covered by a copper-silicon sandwich 
calorimeter (PLUG) [397]. In the rear direction, a lead-scintillator calorime- 
ter (BEMC) [398] covering the angular range 151° < 9 < 176° was originally 
installed for the measurement of electrons in NC DIS reactions with up 
to about 100 GeV^. In 1995, BEMG was replaced by a lead-scintillating-fiber 
calorimeter (SPAGAL) [399] with extended coverage and an improved reso- 
lution of SE/E « 1%! \JE (GeV) for electromagnetic showers. 

Similarly to ZEUS, HI is equipped with a backing calorimeter (tail 
catcher, TG), a muon system [400, 401] and several external components 
in the electron or proton beam direction. The luminosity measurement is 
based on the same principle as in ZEUS. 

3.1.2 Calorimetric Energy and Position Measurements 

We will see below that neither the reconstruction of kinematic event variables 
nor the efficient selection of sufficiently pure event samples is possible without 
making extensive use of calorimetric measurements. The calorimeters are 
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therefore the key detector components for the high-Q^ (as well as for other) 
analyses, and a detailed understanding of their performance is crucial for 
reliability and accuracy of physical results. In the following we first discuss the 
design of the ZEUS uranium-scintillator calorimeter and the HI liquid-argon 
calorimeter,^ and then summarize their operation characteristics obtained 
from test beam measurements and ep data taken at HERA. 

Design of the ZEUS Uranium Calorimeter (CAL). Energy measurement in 
the ZEUS CAL is performed using the light yield of scintillators, sandwiched 
between uranium absorber layers, as a measure of the integrated charged- 
particle flow traversing them, which in turn is proportional to the energy 
deposited in the electromagnetic or hadronic shower initiated by the primary 
particle. The compensating response of the ZEUS calorimeter has been op- 
timized by varying the thicknesses d\j, dsc of the depleted-uranium (DU) 
and scintillator layers. The final design uses dsc = 2.6 mm and d\j = 3.3 mm 
(corresponding to one radiation length), with some additional material due 
to stainless-steel cladding of the DU. The DU-scintillator stacks are assem- 
bled in modules and read out via wavelength-shifting light guides running 
along the modules’ lateral sides to photomultipliers (PMs) positioned at the 
outer CAL surface. In RCAL and FCAL the modules are installed vertically, 
each module spanning the full height and depth of the CAL and being 20 cm 
wide. The 32 modules of the BCAL are wedge-shaped, span its full length 
and depth and are installed at an azimuthal tilt of 2.5° with respect to the 
radial direction.^ The BCAL and FCAL (RCAL) modules are subdivided in 
depth into one electromagnetic and two (one) hadronic readout layers, de- 
noted EMC and HAC, respectively. The readout for each such layer is further 
partitioned into single cells with transverse sizes of about 20 x 20 cm^ (HAC), 
10 X 20 cm2 RCAL) and 5 x 20 cm^ (EMC in BCAL and FCAL). 

The BCAL EMC cells point projectively in polar angle to the nominal IP. 

The CAL consists of 5918 cells altogether, each being read out by two 
PMs, one connected to each of the cell’s sides. This arrangement provides 
measurement redundancy, backup for single nonoperational PMs and po- 
sition information via signal sharing. The PM signals are fanned out to the 
first-level trigger, the data acquisition chain [370] and a branch which records 
the time-integrated average used for calibration purposes. Owing to its seg- 
mentation, the CAL also allows precise measurements of the spatial position 
of energy deposits. This is particularly important for the determination of 
the scattering angle of the final-state electrons in DIS which are outside the 
tracking-chamber acceptance. The position measurement exploits the distri- 

^ The HI rear calorimeters, BEMC and SPACAL, are of lesser importance for the 
high-Q^ studies. 

2 This tilt has been designed to keep particles with high transverse momentum (i.e. 
the scattered electrons in ep DIS events) from traveling along the module cracks. 
Owing to the magnetic field, this objective is accomplished more effectively for 
e~p than for e~^p scattering. 
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bution of the signal between the two PMs of each CAL cell, and between 
adjacent cells in extended showers. 

Since all processes between energy deposition in the ZEUS CAL and ar- 
rival of the signals at the PMs are “fast”, i.e. are characterized by velocities 
of 0{c), a time measurement with a resolution of 0(1 ns) is possible [102]. 

The energy calibration of the ZEUS CAL [103]-[405] is based on test 
beam measurements, on laser light injection and on the signal caused by the 
uranium radioactivity. The latter is monitored as a function of time for each 
PM and allows one to calibrate the absolute energy scale with an accuracy 
which is stable to within less than 0.2% with time, to intercalibrate single cells 
to within 1% and 2% for the EMC and the HAC, respectively, and to detect 
malfunctioning PMs. Typically, 2-3% of all CAL channels are excluded from 
the readout owing to hardware problems. However, since each CAL cell has 
two readout channels, the affected cells still provide energy measurement with 
somewhat reduced resolution. Generally only a few cells (on average less than 
four in the 1996 and 1997 data taking periods) are completely inactive. 

Design of the HI Liquid-Argon Calorimeter (LAC). The measurement prin- 
ciple realized in the HI LAC uses the ionization produced by charged particles 
crossing liquid argon placed in the gaps between absorber plates. A voltage 
of 625V/mm is applied across the gaps, and the negative charge is collected 
by pads on the ground side of the gaps, from where it is fed into the readout 
chain. The inner part of the calorimeter is optimized for measuring elec- 
tromagnetic showers and consists of 2.4 mm thick lead plates with 2.35 mm 
wide argon-filled gaps between them, and is read out in independent cells of 
transverse size lO-lOOcm^, with a three- to four-fold subdivision in depth. 
The hadronic part is organized in layers of a total of 19 mm stainless steel 
with double gaps of 2.4 mm argon and is read out in units of transverse size 
50- 2000 cm^ with four to six subdivisions in depth. The whole LAC sits in a 
cryogenic pressure vessel, where it has been maintained at liquid-argon tem- 
perature (about 90 K) since 1991 [406]. It is subdivided into eight wheels, with 
the absorber plates arranged in concentric layers around the beam direction 
in the rearmost three wheels, and perpendicular to the beam in the others. 
The inhomogeneities arising from the mechanical structure are designed such 
as to minimize acceptance loss. 

The 44 352 LAC readout channels feed the trigger and the data acquisition 
chain and allow for measurements with much finer granularity than in the 
ZEUS case. Since the LAC response to electromagnetic and hadronic showers 
differs {e/h w 1.3), i.e. LAC is not compensating, the small cell sizes are 
required for offline algorithms correcting for this effect on the basis of shower 
topologies (see [372] and references therein). The position reconstruction also 
profits from the fine granularity, but on the other hand suffers from the 
shower distortion in the magnetic field. Also, since the drift of ionization 
charges in the argon requires 0(200 ns), timing measurements using the LAC 
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signals do not provide accuracies much better than the bunch-crossing period, 
T = 96 ns. 

Monitoring and electronics calibration of the LAC are performed using 
charge injection techniques [396]. In addition, the argon purity is regularly 
monitored by dedicated probes. 

Performance and operation parameters of the ZEUS and HI calorimeters, 
and the calibration of the absolute energy scales, have been determined and 
optimized in various test beam measurements and in test runs using cosmic 
rays (see [103, 404, 407, 408] for ZEUS and [396, 395, 409] for HI). The rele- 
vant figures are summarized in Table 3.1. However, it has to be kept in mind 
that not all test beam results are directly transferable to the HERA environ- 
ment, since (i) the tested setups differ in details from the final configurations; 
(ii) the response to multiparticle final states (jets) has not been assessed 
in detail in test beam measurements; (iii) the test measurements were per- 
formed without a magnetic field; (iv) the effects of detector inhomogeneities 
on calorimetric measurements depend on many parameters, not all of which 
can be scanned in a test setup; (v) the inactive material between the IP and 
calorimeter cannot be taken into account in detail; (vi) the precision of the 
detector alignment with respect to the point of particle incidence is different. 



Table 3.1. Operation parameters of the ZEUS and HI calorimeters as obtained 
in test beam measurements and from analyses of cosmic-ray and ep data. The © 
operator indicates addition in quadrature. The momenta of test beam particles 
are denoted by p, the measured energies of calorimeter deposits by E. Parameters 
characterizing electromagnetic and hadronic showers are indicated by “elm.” and 
“had.”, respectively 



Quantity 


ZEUS 


HI 


SE/E (elm.) 
5E/E (had.) 


18%/ ^E (GeV) © 1% 
Z'oJ^/^E (GeV) © 1% 


12%/V^^(GeV)©l% 
50%/yE(GeV) © 2% 


Linearity 


Better than 1% in B/FGAL 
for p < 120 GeV and in the 
RCAL for p < 50 GeV 


Better than 1% for e and high- 
momentum tt’s, better than 
2% for tt’s with p < 20 GeV 


E scale 
uncertainty 


elm.: 2% / 1% / 3% for 

RCAL / BCAL / FCAL 
had.: 3% 


elm.: 0.7% (central) to 
3.0% (forward) 
had.: 2% 


e/h 


l.OOTO.Ol for p>5GeV; 
> 0.9 for p > 2 GeV 


Approximately 1.3 


Time resolution 


« 2 ns/ ^E (GeV) © 0.5 ns 


0(100 ns) 


Polar-angle 
resolution of 
elm. showers 


3 mrad 


< 3 mrad 
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As a consequence, both collaborations are performing extensive studies 
with the goal to check and verify the parameters from Table 3.1 using ep data 
from the first years of operation. For example, ZEUS verified the overall EMC 
CAL scale in the BCAL by comparison of track momenta and CAL energies to 
within 5%. Electron energy scale studies using the scattered electrons in high- 

NC reactions will be presented in Sect. 3.3.4. Many such investigations are 
not yet completed since they have just become feasible with the full statistics 
of the available data samples or even need more data. 

3.1.3 Track Measurements 

Tracking information is used in the DIS analyses for several purposes like 
identification of the scattered electron in NC reactions, measurement of its 
scattering angle, determination of the event vertex (to which calorimetric 
event variables are very sensitive, see Sect. 3.3.1), background rejection and 
triggering. The principal tracking detector component of ZEUS is the CTD. 
In the case of HI, both the CJC including its auxiliary components and the 
FTD contribute to the high-Q^ analyses. In the following, we describe the 
design and functionality of these detectors and thereafter summarize their 
operation parameters. The remaining tracking components currently do not 
have a significant impact on the high-Q^ analyses and will not be discussed 
in detail here. 

Design of the ZEUS Central Tracking Chamber. The ZEUS central tracking 
device (CTD) is a cylindrical wire drift chamber with an active volume ex- 
tending from z = —100 cm to z = 105 cm and from 18.2 cm to 79.4 cm in 
radius (the coordinate origin is defined to be the nominal IP). The sense 
wires are organized in nine superlayers (SLs) with eight wire layers each, and 
are parallel to the beam axis in SLs 1, 3, . . . , 9 (“axial layers”) and tilted by 
stereo angles between ±4.6° and ±5.8° in the remaining SLs (“stereo lay- 
ers” ) . The sense wires and the field-shaping ground and cathode wires of an 
SL are arranged in planes rotated by 45° in the radial direction in order to 
compensate for the Lorentz drift angle, i.e. to guarantee azimuthal drift of 
electrons for operation at nominal voltages and in the ZEUS magnetic field 
of 1.43 T. 

The axial and stereo layers allow accurate measurements of charged- 
particle trajectories in the projection perpendicular to the beam direction. 
The polar-angle information is obtained from the stereo layers, to which trans- 
verse track segments from at least one adjacent axial layer can be extrapo- 
lated. In addition, the wires of the first SL and every second wire of the third 
and fifth SLs provide an individual z measurement based on the timing dif- 
ference of the signals read out at each end. This z-by-timing information is 
used for trigger purposes and for offline track reconstruction. 

The analog signal readout furthermore allows the measurement of the 
energy loss, dE/dx, of charged particles with a precision of about 8%. 
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Design of the HI Central and Forward Tracking Chambers. The HI central 
tracker is a hybrid device consisting of coaxial cylindrical chambers surrormd- 
iirg each other: two jet drift chambers (CJCl and CJC2) [385] with altogether 
56 layers of sense wires^ parallel to the beam direction measure the r(f> co- 
ordinates of tracks, two cylindrical layers of drift chambers with azimuthal 
wires (CIZ [388] and COZ [387]) provide 2 ; sensitivity and two cylindrical pro- 
portional chambers (CIP and COP) [386] are used for trigger purposes. With 
increasiirg radius, these components are arranged in the order CIP-CIZ- 
CJC1-COZ-COP-CJC2. They enclose a sensitive volume exteirdiirg from 

15.4 cm to 84.4 cm iir radius and from —112.5 cm to 107.5 cm iir z. 

Both for the jet and for the z chambers the position iirformation along 
the direction of a wire is determined from the charge divisioir between the 
analog signals read out at each end of the wire, with a precisioir of 1% of 
the wire length in the CJC and 2% in the z chambers. Also, dE/dx can be 
measured iir the CJC with a relative uncertainty of about 7%. 

The central tracking chambers provide a measurement of the time offset 
at which an event occurred with respect to the HERA clock (resolution at ~ 
1.6 ns), which is used for background rejection in the offline analyses. 

The forward tracking detector (FTD) [390]-[392] is a combination of drift 
chambers, multiwire proportional chambers (FWPCs) and inactive transition 
radiators. It consists of three identical supermodules, each organized into 
three layers of planar drift chambers with parallel wires {planars), an FWPC 
plane, a radiator plane for electron identification [391] and a drift chamber 
with radial wires (radials). The three planars of each supermodule are rotated 
with respect to each other by 60°. The radials measure up to twelve space 
points per supermodule crossed by a track. The overall active volume extends 
from r = 15 cm to r = 79 cm in radius and from z = 134 cm to z = 254 cm, 
providing angular coverage down to about 5°. The track reconstruction in 
the FTD [392] yields a polar-angle resolution of better than 1 mrad, and a 
momentum resolutioir of roughly Sp/p « 15 %/ p (GeV). 

The FTD contributes to the trigger and is esseirtial for the vertex deter- 
miiration, in particular for events without ceirtral tracks. 

Some performance parameters of the ZEUS and HI tracking detectors are 
summarized in Table 3.2. Note that event-related quantities like the resolution 
of the vertex position, which depend strongly on the event topology and on 
other detector components, will be covered in Sect. 3.3. 

3.1.4 Luminosity Measurements 

Both collaborations use very similar detector systems to measure the inte- 
grated luminosity provided by the HERA collider [370, 372]. The Bethe- 
Heitler process, ep — > epj [410], is used as a reference reaction, with a 

^ The sense wire planes are rotated with respect to the radial direction by 30° to 
account for the Lorentz angle. 
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Table 3.2. Operation parameters of the ZEUS and HI tracking detectors. The 
angular acceptances are quoted with respect to the nominal IP. The © operator 
indicates addition in quadrature 



CTD (ZEUS) 



Polar-angle 

acceptance 


15° < 61 < 164° 
(> 2 superlayers) 




Point 

resolutions 


230 pm {r(f)) 

1 mm {z, stereo layers) 
4.5 cm (z-by-timing) 




o-pt/Pt 


0.0058 X [pt (GeV)] © 0.0065 © 
0.0014/[pt (GeV)] (9 SLs) 




5{AE/Ax) 


ca. 8% 






GJG (HI) 


FTD (HI) 


Polar-angle 

acceptance 


25° < 61 < 155° 

(at least CIZ-CJCl-COZ) 


5° < 6» < 25° 

(at least 1 supermodule) 


Point 

resolutions 


170 pm {r<j)) 

200 -500 pm ( 2 , GIZ/GOZ) 
<3.5 cm (2 by charge division) 


210 pm (planars, T wires) 
180 pm (radials, azimuthal) 
3-4 cm (radials, r) 


o-pt/Pt 


0.009 Pt (GeV) ©0.015 


20% (0.5GeV<pt<lGeV) 
8% (lGeV<pt<3GeV) 

5% (pt>3GeV) 


5{AE/Ax) 


ca. 7% 


— 



cross section which has a theoretical uncertainty of less than 0.5% [411]. 
The final-state electron and photon emerge at small scattering angles of 
0(me/ife) w 20 prad (i.e. at 0 « 180° in the detector coordinate systems) and 
are detected by external calorimeters (lead-scintillator sandwich calorime- 
ters with additional position detectors in the case of ZEUS, total-absorption 
Cerenkov crystal hodoscopes with PM readout for HI) positioned about 35 m 
(electrons) and 105 m (photons) from the IP in the e beam direction. The 
photons leave the beam pipe through thin exit windows after the electron 
beam is bent off by beam-line dipole magnets, whereas the electrons orig- 
inating from Bethe-Heitler processes are separated from the e beam and 
deflected to their exit windows by accelerator quadrupole magnets. As a con- 
sequence, the detector acceptances cover almost the full energy range for the 
photons (with a lower cutoff due to inactive material and shielding against 
synchrotron radiation) but only a limited range of the electron energy. 

The luminosity is determined from the rate of eq coincidences (HI) or 
from the 7 rate alone (ZEUS, HI) after subtraction of the background, which 
is caused mainly by bremsstrahlung reactions of the electron beam with resid- 



84 



3. Experimental Issues 



ual gas molecules in the beam pipe, eN — > eA^ 7 , and can be quantified us- 
ing unpaired e bunches provided by HERA with well-known currents. The 
recorded Bethe-Heitler rates are sufficiently large to guarantee that statis- 
tical errors are negligible. The experimental systematic uncertainties of the 
luminosity measurement are related to the background subtraction, to pile-up 
effects and to the energy calibration, linearity and acceptance of the calorime- 
ters. Further uncertainties are caused by the fact that off-bunch collisions oc- 
cur {satellite bunches) which contribute to the luminosity measurement but 
can partly not be used for the analyses owing to displaced event vertices. HI 
assigns a luminosity uncertainty of 1-2% to the satellite bunches, whereas 
ZEUS applies looser constraints on the vertex position and is therefore less 
sensitive to this effect. For the data taken in the period 1994-97, ZEUS and 
HI quote overall systematic luminosity errors of 1.6% and 1.5%, respectively. 

In addition to providing the integrated luminosities for the offline analy- 
ses, the luminosity detectors are also used for online luminosity monitoring 
(utilized e.g. for optimization of HERA operation parameters), and for de- 
tecting the electron in photoproduction reactions and the photon in reactions 
with initial-state radiation (see Sect. 2.1.3). 



3.1.5 Triggering 

The task of the triggers is to distinguish ep reactions with predefinable signa- 
tures from the background caused mainly by interactions of beam particles 
with residual gas molecules in the beam pipe ( beam-gas reactions ) or with el- 
ements of the beam line {beam-wall reactions), but also by cosmic rays or by 
beam-halo particles. The rate of interactions leaving signals in calorimeters 
and tracking chambers depends strongly on the beam quality and currents 
and on the pressure in the beam pipe and is typically of 0(10 - 100 kHz) . This 
is to be contrasted with the rate of ep reactions, which (at design luminosity, 
£des = 1.5 X 10^^ cm“^ s“^) spans a range descending from about 200 Hz (in- 
clusive photoproduction) through 0.03 Hz (NC DIS with > 1000 GeV^) to 
1 per hour {e^p CC DIS with > 1000 GeV^). 

Both collaborations use multilevel trigger systems, with the first level 
being the fastest but coarsest and with the higher levels being successively 
slower but more selective. Detailed descriptions can be found in [370, 372] 
and the references cited therein. Over the past years of operation, the trig- 
ger configurations were repeatedly adapted to the increasing instantaneous 
luminosity and to the developments of physics priorities. The following short 
overview of the design and functionality of both trigger systems refers to the 
1997 data taking and does not reflect changes prior to this date. 

The ZEUS Trigger. The first-level trigger (FLT) uses programmable logic 
to combine the individual component trigger signals, which arrive about 
1.0 -2.5 ps after the bunch crossing. The FLT decision is issued after 4.4 ps, 
i.e. with a delay of 46 bunch crossings. The component data are stored in 
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pipelined buffers during this time and are transferred to the second-level 
trigger (SLT) upon an FLT-accept. The FLT decision is mainly based on 
various combinations of the following information: 

• calorimeter data [412]: global sums like EMC energy in different CAL 
parts, transverse energy or missing transverse momentum, but also local 
topology-dependent information, which is used in particular to tag isolated 
electromagnetic energy deposits; 

• CTD data [373]: number of track candidates, subdivided into those that 
are compatible with coming from the vicinity of the nominal IP and others; 

• signals recorded in the muon detectors. 

The FLT is designed to reduce the event rate to below 1 kHz and was running 
with output rates of typically 200 -600 Hz in recent years. 

The second- level trigger (SLT) uses an asynchronous pipeline of trans- 
puter processors to operate on the fully digitized data of the events accepted 
by the FLT. The individual components participating in the SLT (including 
CAL and CTD) recalculate the quantities used for the FLT on a higher level 
of precision and provide additional variables. On the basis of this input, the 
FLT cuts are refined, and additional constraints like calorimeter timing cuts 
are applied. The SLT reduces the FLT rate by a factor of about ten. 

From the SLT, the data are transferred to an array of transputers (the 
event builder [413]), where they are combined and formatted and finally 
passed on to the third-level trigger (TLT) upon an SLT-accept. The TLT 
is a workstation processor farm running a reduced version of the offline re- 
construction and analysis code, providing information like electron and jet 
identification, track and event vertex reconstruction, and event classification. 
The TLT applies selection cuts which are similar to, but looser than, the 
standard offline analysis cuts and thus reduces the rate of non-ep background 
reactions significantly below the ep rate. Also, the TLT allows one to prescale 
the rate of single physics branches. The TLT output rate is adjusted to be in 
the range of 5 - 10 Hz. 

A further pseudo-trigger level is introduced at the event reconstruction 
stage (see Sect. 3.3), where preselection cuts for the various physics analysis 
branches are applied and the selected events are correspondingly marked for 
offline analysis by so-called DST bits. However, all events (also those without 
DST-bit selection) are recorded and can be used for systematic checks and 
trigger studies. 

The HI Trigger. The HI first-level trigger is a system of fast pipelines which 
independently receive and process information from several detector compo- 
nents and finally pass the results to the central level-1 trigger (CLl), which 
calculates subtriggers and issues a decision within 2.5 ps. The trigger decision 
is mainly based on 

• vertex information obtained from the GIF, the COP and the FWPC data 
by applying histogramming techniques [393]; 
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• track candidates in the CJC [414]; 

• time-of-flight measurements from two dedicated rear scintillator planes; 

• the LAC signals, which are subdivided into 256 towers, from which over- 
all sums such as transverse energy or missing transverse momentum are 
calculated, and signatures like isolated electromagnetic clusters or spatial 
coincidences with proportional-chamber hits are recognized; 

• data from the rear calorimeter [398] and the muon system [101]. 

Upon a CLl-keep signal, the pipelines are stopped and read out. Two 
further trigger levels operate in the resulting dead time. The second- level 
trigger assesses the event topology using custom-designed hardware systems 
(including neural-network approaches). If the event is kept, the full readout 
procedure is activated and the level-3 trigger further refines the selection 
criteria, with a resulting output rate of less than 50 Hz (prior to 1995, the 
level-2 and level-3 systems were not used for trigger decisions and the quoted 
output rate was achieved by CLl alone). 

The level-4 trigger is, similarly to the TLT in the ZEUS case, a computer 
farm operating on the complete event data, which are merged and formatted 
after the level-3 accept. The level-4 output rate is about 8 Hz. 

HI applies an additional “level-5” offline event selection (event classifica- 
tion) equivalent to the ZEUS DST-bit flagging. Deselected events are stored 
on slow-access mass storage and remain accessible for offline analysis. 



Table 3.3. Selection criteria and performance of the ZEUS and HI trigger systems 
as used for the high-Q^ analyses. The global event variables Et (transverse energy), 
Pt (transverse momentum) and E — Pz are dehned in Sect. 3.3.1; note that they 
are evaluated with the characteristic precision of the individual trigger levels 



NC 


ZEUS 


HI 


Main trigger 
requirements 


FLT: RCAL/BCAL signal 
consistent with e 
and jet, Et 

SLT : Cuts on Et, E — Pz 
and CAL timing 
TLT: e identihcation, 

cuts on CAL timing 


GLl: electron trigger 
(one big tower) 

Further trigger levels: 

rehned cosmic and 
beam-gas rejection, 
cuts on vertex position 
and E — Pz 


Trigger 

acceptance 


> 99.9% for > 1200 GeV^ 

> 99% for Q2 > 400 GeV^ 


> 99.5% for E( > 11 GeV 
{E( = energy of scattered e) 


CC 


Main trigger 
requirements 


FLT: Pt, Et, GTD tracks 
SLT: cuts on timing, Pt, Et, 
Lt/\/Et, FGAL energy 
TLT: cuts on Pt, tracks, 
vertex, timing 


GLl: Pt 

Further trigger levels: 

rehned cosmic and 
beam-gas rejection, 
cut on vertex position 


Trigger 

acceptance 


> 99.5% for > 400 GeV^ 


~ 98% for Pt > 25 GeV, falling to 
~ 50% for Pt = 12 GeV 
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The main selection criteria and the performance of the ZEUS and HI trig- 
ger branches used for the high-Q^ DIS analyses are summarized in Table 3.3. 
The details of the complicated trigger logic will not be described here. The 
offline selection procedures and their acceptances are discussed in Sect. 3.4. 



3.2 Event and Detector Simnlation 

An essential prerequisite for the analysis of reactions recorded by complex 
detector systems is a detailed simulation, both of the interactions under study 
and of the detector response to the reaction products. Computer-based Monte 
Carlo (MC) techniques are used for sampling instances of reactions of a given 
type. Usually the simulation includes the following three independent stages. 
Event Generation. Reactions including complete specifications of their final 
state are generated with distributions of kinematic variables which reflect 
differential cross sections inferred from measurements or theoretical models. 
The underlying algorithms are independent of the experimental situation, 
except that they know about the initial-state conditions. 

The MC programs used by ZEUS and HI for generating DIS reactions, 
potential sources of background and events involving i?p- violating squark or 
LQ production are summarized in Table 3.4. In the case of DIS, the simu- 
lation is based on the theoretical concepts discussed in Sects. 2.1.1 to 2.1.3. 



Table 3.4. MC generators used by ZEUS and HI for simulating DIS reactions, 
background processes and LQ or squark production. Generators marked with an 
asterisk (*) have been adapted by ZEUS or HI for application in their environments 



Reaction 



ZEUS HI 



DIS: f HERACLES [148, 415] 

ep eX (NC) J django [416] 

ep— » vX (CC) I^LEPTO/ ARIADNE [196]/[198] 



Photoproduction: 
7 P^ jets 

High- At prompt 7 ’s: 
7P — > 'yX 

W and Z production: 
ep^ ZX, W^X 

£~^£~ production: 
ep — > £~^£~ eX 

LQ production: 
ep^LQX 



j HERWIG [203] 
Ipythia [201] 



PYTHIA [201] 



HERWIG [203] PYTHIA [201] 



EPVEC* [417] 
LPAIR* [418] 



PYTHIA [201] LEGO [60, 63, 64, 419] 



Rpwiolating squark production: gp^THlA* [420] LEGO, SUSSEX [419] 
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The partonic final state of the hard subprocess, including photon radiation 
to 0{a) and the full set of one-loop electroweak corrections, is generated by 
HERACLES [148, 415] and subsequently handed over to the interface pack- 
age DJANGO [116], which feeds it into programs supplementing the parton 
shower. Either the MEPS option of lepto [196] or the color-dipole model as 
implemented in ARIADNE [198] is used for this purpose (see Sect. 2.1.7). The 
generators used for LQ and squark production implement initial- and final- 
state QCD parton showers and an approximate treatment of QED ISR, but 
no higher-order QCD matrix elements; LQ processes simulated by PYTHIA 
only include s-channel LQ diagrams. Contact interaction signals are simu- 
lated by reweighting DIS MC sets appropriately (see Sect. 4.4.2). 

The hadronization of partonic final states is simulated according to the 
cluster fragmentation model for applications of herwig, and using string 
fragmentation as implemented in jetset [200, 201] for all other generators. 

Detector Simulation. Both ZEUS and HI employ detailed detector simula- 
tions based on the GEANT package [421] to investigate the detector response 
to reactions provided by the event generators. The primary final-state parti- 
cles as well as all secondaries produced by interactions and decays are traced 
through the detector, and their energy deposits in active detector volumes are 
recorded and finally transformed into simulated “measured signals”, which 
are filled into the same offline data structures as used for experimental data. 

Although GEANT includes basically all relevant reaction mechanisms, the 
detector simulation is subject to several approximations and omissions: 

• For reasons of CPU time consumption and coding complexity, the exact 
details of the detector geometry are usually not reproduced in GEANT. An 
example is the sandwich structure of a calorimeter, which is replaced by a 
fictitious homogeneous material carrying the appropriate average physical 
properties. 

• The detailed simulation of electromagnetic and hadronic shower develop- 
ment is abridged by treating the shower tails in a parameterized way. 
This approach requires careful tuning and testing of parameters which are 
unique for a given detector type and geometry. As a cross-check, HI also 
uses a version of the detector simulation including the detailed calorime- 
ter geometry and full shower simulation, thereby increasing the average 
processing time per event by a factor of about 10 [372]. 

• Processes related to signal generation, like charge drift in media or photon 
production and propagation in scintillators, are not simulated by GEANT 
and have to be included in the MC programs in a parametric way. Typ- 
ical examples of relevant effects for the ZEUS calorimeter are statistical 
fluctuations of the number of photons reaching the PMs for a given energy 
deposit, or the experimental resolution of timing measurements. Also, the 
MC simulation does not “know” about hardware defects or faults in the 
readout chain. 
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• Signals not related to the primary event, such as detector noise and overlays 
of cosmic rays or background interactions, are not covered by GEANT. 

• Accelerator-dependent quantities, e.g. the distribution of ep vertex posi- 
tions, vary from run to run and have to be derived summarily from real 
data and fed into the MC simulation. Correlations between accelerator 
effects and detector performance are usually neglected. 

The above points limit the applicability of MC simulations to investigations 
of experimental resolutions and migration effects. However, the agreement of 
real and simulated distributions is in general sufficiently good to keep the 
related uncertainties of analysis results below the level of statistical errors or 
systematic effects of other origin. Some MC-data comparisons for the high-Q^ 
samples are presented in Sect. 3.5. 

Trigger Simulation, Reconstruction and Analysis. After the trigger decision 
is simulated by dedicated software modules, the MC data are processed by the 
same analysis chain as the experimental data. In particular, the same recon- 
struction algorithms and event selection procedures (see Sects. 3.3 and 3.4) 
are applied. 

The comparison of the “true” quantities of the primary reactions as pro- 
duced by the event generators and their “measured” equivalents resulting 
from the reconstruction step yields insight into the mechanisms of experi- 
mental smearing and the response functions of the detector. Furthermore, 
this information is used to study detector acceptance, data selection effi- 
ciencies and migration of events in the kinematic space due to measurement 
errors. Methods to correct for losses and migrations are usually based on MC 
studies. The corresponding details for the high-Q^ analyses can be found in 
Sects. 3.4 and 3.5. 



3.3 Event Reconstruction 

Once an event has been recorded by the detector, it still has to undergo a long 
series of offline operations before it finally may contribute to physics analyses. 
In an initial step, the raw detector data are calibrated and converted to kine- 
matic quantities like track momenta or energies and positions of calorimeter 
deposits. This step is performed centrally and the resulting data are writ- 
ten to mass-storage memory,^ where they are available for individual physics 
analyses. 

The relevant quantities characterizing single events are determined from 
the DST data. We will discuss the related analysis and correction methods 
and experimental resolutions in the following three subsections, which cover 
the determination of global event variables, the identification of the scattered 

Traditionally called data summary tapes (DSTs) although tape recording is not 
in all cases used. 
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electron in NC DIS reactions and the reconstruction of kinematic variables. 
Finally, new results of both collaborations on the offline electron energy cal- 
ibration will be presented in Sect. 3.3.4 to demonstrate the level of precision 
which has meanwhile been reached in the high-Q^ analyses. Unless stated 
otherwise, the descriptions, figures and results in the following sections refer 
to the latest analyses [73]-[75]. 



3.3.1 Global Event Variables 



The term global variables is used here to distinguish a set of quantities which 
can be derived from the primary detector information from those variables 
which require the identification of the event as belonging to a particular 
reaction class. For DIS analyses, the most relevant global variables are 



Etot — Ei , 
i 

Et = '^Ei sin 9i , 



Pt = 



\ 



Ei sin 0i cos c/)i \ + [ Ei sin 9i sin 
\ i / \ i / 

E-P, = Y,E^{l-cos9,) , 

i 

V = {vx, Vy, Vz) = event vertex position , 



(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 



where the sums run over all reconstructed energy deposits. Pi, above noise 
level in the calorimeter, and the angles are calculated from the positions of 
these calorimeter objects and of the event vertex. Before the above sums are 
evaluated, the calorimeter data are usually processed by algorithms (partly 
in the primary reconstruction, partly at analysis level) which combine en- 
ergy deposits in adjacent cells (clustering) and apply corrections for detector 
effects like calorimeter inhomogeneities, inactive material or albedo from re- 
actions of final-state particles with other detector volumes (see Sect. 3.3.3 
for more details). The quality of these corrections is limited by inaccuracies 
of the MC simulation of the detector response and of event characteristics 
like the forward energy flow (see Sect. 2.1.7). Some MC-data comparisons of 
distributions of global variables will be shown in Sect. 3.5. 

The vertex position is determined individually for each event from the re- 
constructed tracks, with typical resolutions in ZEUS (HI) of 1.5 mm (3 mm) 
longitudinally and <lmm (1mm) transversely. For CC candidate events 
without tracks, ZEUS applies an algorithm based on the CAL timing mea- 
surements to determine the longitudinal vertex position with a resolution 
of better than 10 cm. Events without a reconstructed vertex are usually ex- 
cluded from the analyses. Note, however, that there are events for which a 
vertex reconstruction is faked by tracks coming from interactions of secondary 
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particles in the beam pipe and inner detector volumes, by spurious tracks or 
by overlays of background reactions or cosmics. The fractions of events with 
fake vertices in the final data samples depend strongly on the reaction type 
and event topologies and are estimated to be less than 1% in the high-Q^ 
analyses. 

3.3.2 Electron Identification 

The most distinctive signature of NC DIS reactions is the scattered elec- 
tron, which, in the case of high , in general has high transverse momen- 
tum (above 0(10 GeV)) and does not overlap with the hadronic system. 
The corresponding detector signals, an isolated electromagnetic shower in 
the calorimeter and a high-momentum track pointing to it, are exploited to 
identify events with electron candidates. This task is particularly important 
and difficult for high-Q^ NC investigations because the electrons are scat- 
tered into the central and forward parts of the detectors (see Fig. 1.2) where 
potential background from hadronic activity is concentrated. Furthermore 
the signal cross section falls rapidly with yielding a tiny signal rate for 

> 1000 GeV^ as compared with potential background sources, which have 
much higher cross sections. 

ZEUS uses two independent approaches for electron finding. The first one, 
which is used for the analysis of the high-Q^ data [71, 73], operates on loosely 
preselected electron candidates which are required to be isolated, and to have 
a matching track if they are in the geometrical acceptance of the GTD; the 
actual cuts are summarized in Table 3.5. For each such candidate, character- 
istic calorimeter and tracking variables are determined. The distributions of 
these variables in samples of electrons selected by other algorithms are used 
to infer for each of the variables the likelihood that its value is compatible 
with originating from an electron. The product of these likelihoods is finally 
required to exceed a threshold value determined from MG and data studies.® 
Acceptance of the electron identification and the remaining backgrounds are 
discussed in Sect. 3.4. The second electron-finding algorithm, which is used 
for lower-Q^ analyses and serves for systematic checks at high is based on 
an MG-trained feed-forward neural network [423] operating on the calorime- 
ter topology of candidate clusters preselected by loose requirements on their 
energy, “electromagneticity” (i.e. the energy fraction in the electromagnetic 
GAL sections) and transverse size. 

HI identifies electromagnetic clusters in the LAG using lateral and lon- 
gitudinal shower profiles which have been investigated in detail in test beam 
measurements [395]. In order to be selected for the high-Q^ NG analysis, can- 
didate clusters have to fulfill additional requirements on isolation and energy, 
and have to have a matching track if they are inside the acceptance of the 
GJG, GIZ and GOZ. The exact requirements are shown in Table 3.5. 

® Recently, a neural network has been designed as alternative to this likelihood- 
based decision step [422]. 
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Table 3.5. Electron identification requirements applied in the ZEUS and HI high- 
analyses. The following variables are used in the table: 9^ = polar angle of 
electron candidate calculated from calorimeter position and reconstructed vertex; 
Ptr = reconstructed track momentum; DCAtr = distance of closest approach be- 
tween track extrapolation and calorimeter cluster; Edus = total energy of candidate 
cluster; E^{R) = energy not belonging to candidate cluster in rj-ij) cone with radius 
R around its center; Et{e) = transverse energy of e candidate 





ZEUS 


HI 


Shower 

topology 


Longitudinal and transverse 
shower size in CAL 


Longitudinal and transverse 
shower properties in LAC 
(using test beam results) 


Matching 

track 


For candidates with 9^ > 17.2°: 
Ptr > 5 GeV ; DCAtr < 10 cm; 
Ptr/Ecius and direction match 


For candidates with 9^ > 35°: 
DCAtr < 12 cm 


Isolation 


E^{R^ 0.8) < 5 GeV 


E^(R = 0.25)/Ecius < 0.02 


Energy, Et{e) 


-^cius > 10 GeV 

Et{e) > 30 GeV if 6^ < 17.2° 


^'cius >11 GeV 


Fiducial cuts 


Remove candidates in 
R/BCAL and B/FCAL 
transition regions 


Remove candidates in LAC 
cracks and outside LAC 
(with 9e > 153°) 



The main difficulties of electron identification are (i) fake candidates com- 
ing mainly from hadronic energy deposits (which may look “electron-like” if 
they are dominated by photons, e.g. from decays) or from isolated photons 
with high transverse momentum (see [424]), and (ii) events containing more 
than one acceptable candidate. In the latter case decision algorithms are ap- 
plied using the quality assessment of the electron identification procedure and 
the transverse momentum of the candidate. 



3.3.3 Reconstruction of Kinematic Variables 

Once the global variables are determined and electrons identified, events can 
be classified as NC or CC candidates, or be discarded for the high-Q^ analyses 
(see the following section for details on selection requirements) . The next step 
is now to determine the kinematic event variables. 

For the moment, we want to postpone the discussion of ISR® a little and 
pretend that it can be neglected. Under this assumption, only two of the three 
basic kinematic variables {x, y, Q^) are independent (see Sect. 1.3.1), and any 
combination of two defining quantities suffices to determine them. For NC 
events, the energies and scattering angles of the electron and the hadronic 
system provide four such quantities which are experimentally measurable. 



Photon radiation of one of the fermion lines in the hard subprocess has been 
discussed in Sect. 2.1.3. 
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and correspondingly there are several independent reconstruction methods. 
In the CC case, the missing knowledge of the scattered neutrino only leaves 
one possibility. An investigation of the different options can be found in [425]- 
[427]. In the following, we will focus on those aspects which are important 
for the high-Q^ analyses. The resolutions of the kinematic variables will be 
summarized at the end of this section in Table 3.7. 

Whereas the electron variables are directly determined from the calori- 
metric information and, where available, from the electron track, the hadronic 
quantities are defined in terms of calorimeter sums which exclude the electron 
cluster in NC reactions (denoted by primed sum symbols): 



(Tt)had 

A 

cos 7had 
Ahad 



\ 



EisiTLOi 



cos ( 



EisiwOi 



sin ( 



{E - P^)had = ^ Ei{l- cos 9i) , 






had 



(^t)Ld + (^^-^.)Ld ’ 



(Tt)had 

sinyhad 



(3.6) 

(3.7) 

(3.8) 

(3.9) 



The summation is over the same type of calorimeter deposits as in (3.1)-(3.4) 
and implies the same corrections described there. Note that the definition of 
the hadronic scattering angle, 7had, in (3.8) does not involve topology studies 
of the hadronic final state (like jet searches) and is independent of global 
scaling factors applied to the energies, i.e. of the absolute energy scale cali- 
bration. It can be shown that in the case of (2^2)-type hard subprocesses, 
corresponding to (I-l-l)-jet event topologies, 7had actually is an unbiased 
estimate of the quark scattering angle. Furthermore, 7had allows the deter- 
mination of kinematic variables irrespective of the final-state topology (see 
below) . 

As mentioned in Sect. 3.3.1, the hadronic sums in (3.6)-(3.9) have to be 
corrected for effects of energy loss in inactive material, redirected energy flow 
due to secondary interactions in material between the vertex and calorimeter 
or by backsplash from the calorimeter (albedo), calorimeter noise, particle 
loss through the beam pipe and problems caused by position-migrated energy 
deposits of the proton remnant jet. In particular at decreasing 7had, i-G- for 
small y (see Fig. 1.2), the reconstruction of 7had becomes increasingly difficult. 
As an example of the corrections applied. Fig. 3.3 illustrates the removal of 
albedo energy in ZEUS: 7had is reconstructed from the energy clusters in 
CAL, and all clusters with energy below 3GeV and a polar angle larger 
than 7max are removed, where 7max is an MC-determined function of 7had- 
The procedure is iterated until it converges. After this and other corrections 
(mainly an MC-based compensation for energy loss in inactive material), the 
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Fig. 3.3. Correction for albedo effects and reconstruction of 7had in a ZEUS study 
of NC reactions: distributions of the ratio of removed albedo energy to the remain- 
ing hadronic energy (projected into the reconstructed 7had direction), for (a) small 
and (b) intermediate values of 7had- The points with error bars denote the experi- 
mental data; the shaded histogram is the MC simulation. The lower plots show (c) 
the average relative shift and (d) the relative R.M.S. resolution with respect to the 
true 7had- The open symbols denote the results obtained by summing over uncor- 
rected energies in all calorimeter cells; the full circles demonstrate the improvement 
obtained by clustering and applying corrections for energy loss in inactive material 
and for albedo effects. The figures are reproduced from [73] 



reconstructed values of 7had and (Pt)had are sufficiently unbiased to allow for 
precise kinematic event reconstruction in the high-Q^ analyses. 

NC Kinematic Reconstruction. For determining the kinematic variables of 
NC reactions, different methods are used by ZEUS and HI, and each collab- 
oration applies the other method(s) for systematic checks and also for offline 
calibration purposes. We will summarize the different reconstruction meth- 
ods in the following and present the corresponding measurement accuracies 
in Table 3.7. 

• The double-angle (DA) method uses the two angular variables Og and 7 ^ 
as primary input. The kinematic variables are calculated as^ 

^ HI sometimes uses the subscript 2a to denote the double-angle method. 
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a^DA = 



El 



sin 7had 



sin 0e 



2/DA = 



'p 1 cos 7had 1 COS 0^ 

sin6>e(l - COS7had) 

sin 7had + sin 0 ^, - sin(7had + ^e) 

sin7had(l +cos6»e) 



OdA = S aiDA l/DA = 4i?g 



sin 7had + sin 9^ - sin(7had + Oe) 



(3.10) 

(3.11) 

(3.12) 



This method is used by ZEUS as the standard algorithm and by HI for 
systematic checks and for the offline calibration of the electron energy 
measurement (see Sect. 3.3.4). Note that the only energies entering these 
formulae directly are those of the electron beam (Ug) and of the proton 
beam {Ep), whence the results are unaffected by detector energy scale 
calibration uncertainties. The DA method is applicable and stable over the 
full kinematic region of interest, as demonstrated in Fig. 3.4, showing the 
DA resolutions obtained in an MC study by ZEUS. 

• The electron method (e) determines the variables from the energy and 
scattering angle of the electron: 



Ee U'(l+COS0e) 

^ ^ 2Ue-U'(l-COs6le) ’ 

J/e = 1 - ^(1 -COs6»e) , 

Ql = SXeye = 2Ue£’' (1 + COS 9e) ■ 



(3.13) 

(3.14) 

(3.15) 



The e method, which was used by HI for the 1996 analysis [72] and serves 
ZEUS for cross-checks, has the intrinsic disadvantage that its results are 
susceptible to uncertainties of the absolute calorimeter energy scales, and 
that it becomes unstable at low y. As can be seen from (3.14), low y 
implies that the denominator in (3.13) is given by a small difference of 
comparatively large numbers, of which one carries an experimental error. 
On the other hand, the e method has the advantage of being independent 
of the reconstruction of a partonic scattering angle from a multiparticle 
final state, and of not requiring a hermetic acceptance and understanding 
of hadronic energy measurements. 

• The S method (E ) [126, 427, 429], which is only used by HI, combines the 
electron variables with E = {E — Pz)had as defined in (3.7): 



ys = 



Q\ = 



E 

E + E'Jyl -CO& 9 e) 

(A' sin6>e)2 



Xu = 






1 - yu 

2 
E 



syE 



(3.16) 

(3.17) 



(3.18) 
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Fig. 3.4. Resolution of Qda determined in a ZEUS MC study. The individual 
plots show the distributions of the relative deviation of the measured from the 
true values in the range > 400 GeV^ (arbitrary vertical scales). The widths 
of the peaks correspond to resolutions of 2-3%. The tails extending to the right 
(QdA > Qtrue) are caused by ISR. The figure is reproduced from [428] 



In contrast to the e method, the S reconstruction avoids the low-y insta- 
bility and is furthermore less sensitive to ISR than other methods because 
ys and do not depend on the electron beam energy. 

• The eS method (eS ) [426, 427] combines advantages of the e and E meth- 
ods by defining 



Ql 2Ee 

-cos6»e) ’ 

QeS = QI j 

XeE = Xe ■ 



(3.19) 

(3.20) 

(3.21) 



This method yields good resolution of x and in the complete kinematic 
range of the high-Q^ analyses and is used by HI in [75]. 
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• The (jj method (lo) [429] is an alternative approach which has been devised 
for high-Q^ NC analyses in HI. It is based on the S method and exploits 
the redundancy of the information given by the electron variables and 
the hadronic system to calculate on an event-by-event basis individual 
corrections which reduce the influence of ISR. 

CC Kinematic Reconstruction. In the CC case, the determination of kine- 
matic variables entirely relies on the measured properties of the hadronic 
system. The standard formulae as proposed by Jacquet and Blondel [430] are 
{JB method) 



2/JB 

Qjb 

xm 



{E — Pz) had 

2Ee 

jPt)L^ ^ 

1 - 2/JB 

Qjb 
yjBS ’ 



(3.22) 

(3.23) 

(3.24) 



Although all corrections of the hadronic variables described for the NC case 
are applied in the CC analyses as well, the JB method is much less accu- 
rate than the NC kinematic reconstruction algorithms discussed above. It is 
unstable both at low ?/jb (since {E — Pz)ha.d is small and hence particularly 
sensitive to detector effects) and at high yjB (where small variations of j/jb 
induce large changes of Qj^, see (3.23)). Furthermore, (Pt)had, which is one 
of the primary measured quantities, depends on the hadronic calorimeter res- 
olution (which is worse than the electromagnetic one, see Table 3.1) and is 
affected by particles escaping full calorimetric measurement (muons, neutri- 
nos, low-energy charged particles spiraling in the magnetic field). Note that 
Qjg depends quadratically on (Pt)had and is therefore particularly sensitive 
to the absolute hadronic energy scale, thus inducing the dominant experi- 
mental systematic uncertainty in the CC analyses (see Sect. 4.2.2). 

In addition to purely experimental resolution effects, the emission of pho- 
tons in the approximate direction of the beam electron (ISR) contributes to 
variable misreconstruction and event migration in the kinematic space. If the 
photon is nearly collinear with the e beam, the ep kinematics can be ap- 
proximated by a decreased beam energy Eg = Eg — Ej, corresponding to a 
reduction of s by a factor of 



Zry = 1 — Ey / Eg . 



(3.25) 



The distribution of z.y in unbiased event samples follows approximately the 
typical bremsstrahlung spectrum oc 1/zj. It is important to note that Zj 
is restricted by the event selection procedures for NC events to z~^ > 0.7 
(see next section); no such limitation exists in the CC case. If the photon 
escapes detection, the variables are falsely reconstructed since the nominal s is 
assumed, with different consequences for the various reconstruction methods 
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Table 3.6. Mismeasurement of kinematic variables due to undetected initial-state 
photon radiation. The factors quoted in the table are the ratios of measured values, 
obtained by assuming the nominal s, and the approximate true values resulting 
from a reduced value z-fS. The y values appearing in the ratios are the measured 
ones. Note that no overall factors can be defined for the uj method since it involves 
event-by-event corrections 



Reconstruction method 




Ratio measured/true 


X 


y 




Double-angle (DA) 


1/^7 


1 


1/^7 


Electron (e) 


De — — Z'y ^ 


1 yeZ'y 


I/Z 7 


VeZ-y 


ye - (1 - Zy) 


r 




1 


1 


eS 




1/z^ 


1/^7 


Jacquet-Blondel (JB) 


z~i - yjB 




Zj - yjB 


- i/jb) 


Zj 


Z^{1 - yjB) 



Table 3.7. Experimental resolutions of x, y and obtained in the high-Q^ DIS 
analyses of ZEUS and HI. The HI resolutions are taken from [72] and refer to the 
very high-Q^ regions > 10^ GeV^ for NC and Pt > 50 GeV for CG). All CG 
resolutions are given for y < 0.9. The relative uncertainties of the electromagnetic 
and hadronic energy scales are denoted by 5scaEeim and 5scaEhad, respectively, and 
are given in Table 3.1. The entry denoted by (e, o) shows the width of a Gaussian fit 
to the distribution of (measured— true) /true values; otherwise the R.M.S. widths of 
these distributions are quoted. The © operator is used here to indicate the addition 
of systematic contributions which are correlated between individual events 



NC 


ZEUS 


HI 


Sxjx 


« 9% (DA, for 0.03 < a; < 0.2), 
rising to 12% at high x [73] 


3% © (5scaEelm/ye (c, (j) [72] 


hiv 


5% (DA), 

independent of yoA [73] 


(1-4%) © [72] 

2/e 


SQ^IQ^ 


« 5% (DA, > 400 GeV^), 

independent of Q^a [73] 


(2-7%)©4caEeim (e) [72] 


cc 


Sxjx 


8 20% © ^ 
1 -y 


20% © [72] 

1 - y 




largest at a: < 0.02 [74] 




hly 


8 - 11% © 5scaEhad , 

largest at y<0.1 [74] 


10% © 5scaEhad [72] 


SQ^IQ^ 


20%©4caEhad^^ [74] 

1-y 


28%©5scaEhad^^ [72] 

1 - y 
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[144]. The effect of ISR on the variable reconstruction can be quantified by 
the factors given in Table 3.6. On average, these systematic shifts amount to 
a few percent; for 0.4 < a; < 0.6 and y > 0.25 ZEUS finds <5isRa;e = —2.5%, 
<5iSR<5e = +1-8%, (5isRa;DA = +1.7% and ^isrQqa = +2-5% [131]. 

The experimental resolutions of kinematic variables obtained in the ZEUS 
and HI high-Q^ analyses are summarized in Table 3.7. Effects of ISR are 
included. Note that the kinematic regions for which the resolutions are quoted 
differ significantly between ZEUS and HI. 

Both process-dependent and detector-specific systematic effects tend to 
induce biases in the kinematic reconstruction, which can be accounted for 
either by applying suitable corrections to the kinematic variables or by using 
algorithms to reverse distortions of the resulting distributions caused by event 
migrations in the kinematic space (unfolding). A discussion of these methods 
is deferred to Sect. 3.4.3. 

3.3.4 Electron Energy Calibration 

The redundancy of the NC kinematic reconstruction opens a very powerful 
possibility for calibrating the electromagnetic energy scale of the central and 
forward calorimeter parts using the high-Q^ NC data. The basic idea is to 
compare the measured electron energy, E(, (after corrections for energy loss 
in inactive material), with the corresponding value inferred from the kine- 
matic variables reconstructed by the double-angle method (Ada) or the lo 
method (HI only), which are independent of energy-scale variations. Using 
the extrapolation of the associated track into the calorimeter allows one fur- 
thermore to study the calorimeter response as a function of the position of 
particle impact and thus to investigate it across inhomogeneities. 

Both collaborations have used this approach to devise position-dependent 
calibration methods, to test the quality of the MC simulation and to quantify 
the electromagnetic-energy-scale uncertainties quoted in Table 3.1. In Fig. 3.5 
(from ZEUS), the mean ratio (Ee/EDA) is shown as a function of the z coor- 
dinate of the track extrapolation to the calorimeter, before and after applying 
an inhomogeneity correction. The modulation caused by the 5 cm cell struc- 
ture is clearly visible in the raw data. After calibration, agreement to within 
better than 2% is found between the data and MC, and between (Ee) and 
(Ada)- The equivalent result for HI is shown in Fig. 3.6, indicating an even 
better agreement. In the transition regions between different LAC modules 
small discrepancies between the data and MC are observed, whence electron 
candidates in these regions are excluded from the analysis (see Sect. 3.3.2). 



3.4 Event Selection and Correction Procedures 

In this section we discuss the procedures applied to select those data samples 
from which cross sections and other physical quantities are eventually deter- 
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Fig. 3.5. Mean ratio E'^jEuA of BCAL electrons in ZEUS NC events as a function 
of the 2 position of the electron cluster: (a) uncorrected data, (b) after calibration 
of Ee. Data {full circles) and MC simulation {open circles) are both shown. The 
periodic structure in the raw data is caused by the 5 cm calorimeter cell structure. 
The plots are reproduced from [7.'>] 




Fig. 3.6. Mean shift {SE{./E'f) for LAC electrons of NC events in HI as a function 
of the electron cluster polar angle, 9^. The difference SE{, between the measured 
and predicted values of E{, is determined using different calibration methods. BBE, 
CB1-CB3, FBI, FB2 and IF denote different LAC wheels. The shaded band demon- 
strates the effect of an energy scale variation in the MC according to the determined 
scale uncertainties of ±0.7% in CBl and CB2, ±1% in BBE, ±1.5% in CB3 and 
±3% in FBl-IF. The plot is reproduced from [75] 



mined, and to correct them for remaining background contaminations and 
for acceptance losses and event migrations. In the following we first summa- 
rize the requirements for NC and CC events (Sect. 3.4.1) and the potential 
sources of background which have been investigated (Sect. 3.4.2), and finally 
discuss corrections applied to the resulting distributions (Sect. 3.4.3). 
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Both the estimate of remaining background contributions and the accep- 
tance corrections are based on MC studies. It is therefore of central impor- 
tance to validate the reliability of the MC simulation in each selection step, 
and for each of the quantities involved. In general, good agreement is found 
between the data and MC distributions, and even details of the detector re- 
sponse are reproduced satisfactorily by the simulation. We will not go into 
details of MC-data comparisons in the following, except for selected illustra- 
tive examples in Sect. 3.5. 

3.4.1 Selection Criteria and Acceptances 

The basic signatures of NC and CC reactions and the respective sources 
of potential backgrounds are distinctly different and necessitate independent 
selection procedures, which will be summarized in the following. For both the 
NC and the CC studies, the primary samples of candidate events are those 
passing the appropriate trigger branches (see Sect. 3.1.5). The offline selection 
criteria have been designed with the goal to find an optimal compromise 
between high acceptance for signal events and efficient rejection of remaining 
background in the primary samples. 

For NC events, the following selection criteria are used (the actual cut 
values are summarized in Table 3.8): 

• The event vertex has to be reconstructed from the tracking-chamber data 
and has to be consistent with coming from an ep reaction. 

• The scattered electron has to be identified by the algorithms described 
in Sect. 3.3.2 and has to fulfill the requirements listed in Table 3.5. In 
particular, the associated calorimeter cluster has to lie in fiducial volumes 
defined such as to exclude regions in which the calorimeter response is not 
fully understood or is unreliable, like the ends of the BCAL for ZEUS or 
module boundaries in the LAC for HI (see Sect. 3.3.4). 

Table 3.8. Selection criteria for the ZEUS and HI high-Q^ NC analyses of the 
1994-97 data [73, 75]. Note that the selection requirements are slightly different 
from those in the previous analyses [71, 72] and in preliminary studies [428], [431]- 
[435] 





ZEUS 


HI 


Vertex position 


\vz\ < 50cm 


\vz\ < 40cm 


Electron 

identification 


See Sect. 3.3.2, Table 3.5 


E-P. 


> 17.2° : 38 GeV < E-Pz < 65 GeV 
< 17.2° : 44 GeV < E-Pz < 65 GeV 


E-Pz > 35 GeV 


Ptj^x 


Pt/V^t < 4GeV^/2 


— 


Kinematic 


Qda ^ 400 GeV 


Qe > 150 GeV 


cuts 


ye < 0.95 


Ve < 0.9 
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The e-finding efficiency has been determined by both collaborations using 
MC studies and the results of independent algorithms, based e.g. on a 
selection of events having isolated tracks with high transverse momenta. 
Inside the fiducial volumes, ZEUS finds inefficiencies below 4% [73], with an 
error of ±0.3%, rising to ±1.5% at the lowest electron energies. HI quotes 
an electron detection efficiency of > 90% in [72], and an uncertainty of 
±2% (rising to ±4% at < 500 GeV^ and y > 0.5) in [75]. 

• Several cuts are applied to reject background events, the most impor- 
tant being the requirement of longitudinal event containment. By energy- 
momentum conservation, the final state of any ep reaction has E—P^ = 2Eg 
(= 55GeV for the HERA e beam energy). The measured quantity (see 
(3.4)) is affected by experimental resolution and by particles which escape 
detection. In particular, the requirement of a minimum measured value, 
{E — Hz)min, allows One to reject events with significant energy flow into 
the rear beam hole and thus to remove most of the photoproduction back- 
ground (where the electrons are deflected into the rear beam pipe) and 
events with undetected high-energy ISR. Up to measurement errors, the 
factor defined in (3.25) is constrained to z-y ^ {E — Pz)min/{‘2Ee). 
Further antibackground requirements are that the timing be consistent 
with an ep interaction and upper limits on Pt / to remove cosmic-ray 
events. In addition, elastic QED-Gompton events {ep — > eqp) are discarded. 

• Finally, the kinematic region under investigation is constrained by require- 
ments on 2 /e (thereby rejecting remaining photoproduction events with fake, 
low-energy forward electron candidates) and the reconstructed value of Q^. 

The overall NG selection efficiency is about 80% [73, 433] for events with a 
true value of above the selection threshold. 

For CC events, the characteristic signature is the missing transverse mo- 
mentum, Pf The main GG selection requirements are summarized in the 
following, the cut values are collected in Table 3.9. In general, the level of 
background contamination increases and its removal becomes more difficult 
as the Pt cut decreases; in the latest analyses [74, 75], which assess GG reac- 
tions down to Pt = 0(10 GeV), several additional conditions for background 
reduction have been imposed, which will not all be reproduced in detail here. 

• The event vertex has to be reconstructed and has to be consistent with 
coming from an ep reaction. Whereas HI uses only the tracking-chamber 
data for the vertex determination, ZEUS also determines an event vertex 
from the calorimeter timing information. The GG selection is based on this 
timing vertex for events with 70 < 23°, where 70 is the hadronic angle 
calculated according to (3.8), but with respect to the nominal IP. 

• The overall transverse momentum, Pt, has to exceed some minimum value. 
ZEUS applies an additional cut on the value (Pt)out calculated by excluding 
a cone around the forward beam hole from the sum in (3.3), thus reducing 
background from proton interactions with the beam pipe. 
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Table 3.9. Selection criteria for the ZEUS and HI high-Q^ CC analyses of the 
1994-97 data [74, 75]. ZEUS applies two different sets of cuts for events with or 
without a tracking vertex, which are marked with (a) and (b), respectively. Note 
that the selection requirements are different from those in the previous HI analysis 
[72] and in preliminary studies [428, 431]-[433, 435, 436] 





ZEUS 


HI 


Vertex position 


\vz\ < 50cm for (a) and (b) 


\vz\ < 35cm 


Missing Pt 


(a) Pt > 12 GeV 
(^t)out > 10 GeV 

(b) Pt > 14 GeV 
(^t)out > 12 GeV 


Pt > 12 GeV 


Pt/Et, 

Vltp/Up 


(a) Pt/Et > 0.55 (Pt < 20 GeV) 
Pt/Et > 0.40 (20<Pt < 30 GeV) 

(b) Pt/Et > 0.60 (Pt < 30 GeV) 


Uap/Vp < 0.15 


Track-cal. 

matching 


(a) Ac/ < 2.0 (Pt > 20 GeV) 
A<;5<1.0 (Pt<20GeV) 

(b) - 




Electron 

veto 


(a) Reject events with e candidates 
with P( > 4 GeV and 
matching track {9e < 164°) 

or E/ > 2 GeV (6»e>164°) 

(b) ~ 


Reject events with 
isolated track opposite 
to Pt had direction 
(A0 > 160°) 


Kinematic 

cuts 


Qjb > 200 GeV 
J/JB < 0.9 


0.03 < t/jB < 0.85 



• Further cuts are applied on transverse event characteristics to select re- 
actions with the typical CC signature, i.e. missing transverse momentum 
balanced by a collimated hadronic system. These topology cuts are espe- 
cially suited to reject events in which jets containing high-pt neutrinos or 
muons (e.g. from charm decays) cause an overall Pt imbalance. ZEUS re- 
quires a lower bound on Pt / Et and an upper bound on A(p = \ ^itracks — </>cai | , 
i.e. demands that the energy flow be collimated along the direction of the 
net transverse momentum and that the reconstructed tracks and energy 
deposits in the calorimeter coincide in azimuth. HI employs two variables 
characterizing the transverse energy flow: 



K = 



t.had 



" (Pt) 



had 



E 



t.had 



Pt.i>0 



T/ \ ' p 

~ (PV ' b* ) 

frtjhad p ^ ^ p 

■» t,had '-r t,2 



(3.26) 



where Pt.had = Pt,i is the net transverse momentum vector and 
the sums run over the same energy deposits as in (3.6)-(3.9); note that 
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(-Pt)had = |-Pt,had|- All Upper bouiid On I4p/Vp is imposed in the HI CC 
selection, corresponding to constraining the ratio of the transverse energy 
flows parallel and antiparallel to the direction of the net transverse mo- 
mentum (see also Sect. 3.5 and Fig. 3.12). 

• For background rejection, tracking and timing information is used to elim- 
inate beam-gas and beam-wall events, and electron identification provides 
a veto against NC events. Dedicated algorithms are applied to identify sig- 
natures of penetrating minimally ionizing particles not coming from the 
event vertex and thus to remove events faked or distorted by cosmic rays. 
Furthermore, HI excludes events passing the final selection cuts for the 
analysis of reactions with a topology [88] (see Sect. 2.2.2). 

• Kinematic regions suffering from bad resolutions, large background con- 
taminations or uncertain acceptances are excluded by cuts on the kinematic 
variables. 

• Finally, the remaining events are visually inspected, and events incompat- 
ible with the CC interpretation are removed from the sample. 

The efficiency for the ZEUS CC selection is approximately 90% in the central 
y region (0.1 < y < 0.9) and degrades outside this region and at low x; the 
overall value for events with > 200 GeV^ is « 70% [74]. In the case of HI, 
the trigger efficiency is the limiting factor at low Pt (see Table 3.3); for the 
study in [72] , which required Pt > 50 GeV, an overall selection efficiency of 
w 80% was quoted. 

3.4.2 Background Studies 

Both collaborations have made extensive studies of possible background con- 
tributions to their final data samples. In the 1996 publications [71 , 72] , various 
sources of background were investigated, and upper thresholds for residual 
contamination were quantified for NC reactions in the region xda > 0.45 and 
2/DA > 0.25 (ZEUS) and > lO'^GeV^ (HI). In the later analyses [73]-[75], 
these studies were extended to the full kinematic range under consideration. 

Two types of background are relevant: events originating, completely or 
in part, from sources other than ep reactions {non-ep background), and ep 
reactions due to other interaction mechanisms than NC or CC DIS. The non- 
ep background (mainly collisions of beam particles with residual gas molecules 
in the beam pipe or with beam-line elements, cosmic rays, and overlays of 
detector signals from such sources with ep events) is greatly reduced by the 
vertex and timing cuts and is found to be negligible for NC. However, in the 
case of CC, a contamination of a few percent is left after offline event selection 
and has to be removed by visual inspection (see Sect. 3.4.1). In the final event 
samples, the level of non-ep background is estimated to be negligible, with a 
related uncertainty of at most 0.6% [73]-[75]. 

The investigation of background from ep reactions is mainly based on MC 
simulation of the following ep reaction types which potentially can contribute 
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to the background (see Sect. 3.2 for a summary of the event generators used 
for these studies). Nonnegligible background contaminations estimated by 
MC studies are subtracted statistically from the data samples. 

• Photoproduction (PHP) of jets with high transverse momentum, produced 
dominantly by the hard subprocesses jq qg and yg — > qq [direct PHP) or 
by parton-parton scattering where one of the initial-state partons comes 
from a fluctuation of the photon into a virtual hadronic state [resolved 
PHP). The experimental signatures are (2-1-1) jets for direct PHP, and 
(2-I-1-I-1) jets for resolved PHP, where the additional jet is due to the 
photon remnant. 

A PHP event with high 7 energy [E.y/ Ee, > 0.7 to fulfill the [E — P^) 
requirement) can be classified as an NC candidate if one of its jets is falsely 
identified as an electron, or if it contains an isolated high-pt electron, e.g. 
from the decay of a charm or bottom meson. 

Owing to mismeasurement of hadronic energies or the presence of neu- 
trinos or muons which escape full calorimetric detection, PHP reactions 
can exhibit a large transverse-momentum imbalance in the calorimeter. 
They thus contribute to the CC background, and in fact are the dominant 
contamination from ep reactions at low Pf 

The scattered electrons in PHP events are detected by the luminosity mon- 
itors with an efficiency of typically 0(10%). This allows one to estimate 
the PHP background independently of MC simulations, albeit with limited 
statistical precision. HI uses this method to cross-check the level of PHP 
background inferred from the MC (see Sect. 3.5, in particular Fig. 3.12). 

• Prompt photon production (PPP) proceeds via the hard subprocess yq ^ 
yg. Initial cross section measurements of PPP have recently been reported 
by the ZEUS collaboration [424] and are consistent with the theoretical 
predictions based on an NLO calculation. PPP is a potentially dangerous 
background to NC DIS since it is a source of isolated photons with high 
transverse momentum, which can be misidentified as electrons if they are 
outside the tracking volumes or produce matching tracks by conversion in 
the beam pipe or other inactive material between the IP and the sensitive 
tracking volumes. PPP does not contribute to CC background. 

• The direct production oiW or Z bosons yields events which can have high 
At and in addition can contain electrons or neutrinos from the leptonic 
decays W —>■ £iy or Z —>■ ££. Both the NC and the CC signatures can 
be faked, although not in the typical (H-l)-jet topology. Since W and Z 
production have small cross sections of < 1 pb [83] and the decay leptons 
are typically emitted with high energies into the forward direction, they 
are potential sources of DIS background mainly at the highest . 

• Pairs of charged leptons can be produced by the process yy ^ ££, where 
the initial photons are radiated from the electron and proton. Reactions 
of this type, in which a lepton , the scattered electron or the hadronic 
system has high pt, contribute to both the NC and the CC background. 
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Table 3.10. Background contamination in the selected NC samples with xda > 
0.45 and yoA > 0.25 (ZEUS) and > lO'* GeV^ (HI) (1996 analyses [71, 72]). 
The cross section estimates are results of high-statistics MC studies 





Background 


cross section (fb) 


ZEUS (90% C.L.) 


HI (95% C.L.) 


7 P — > jets (PHP) 


< 1.8 


< 27 


7P ^ -yX (PPP) 


0.28 


< 6 


W, Z production 


< 0.5* 


< 25 


77 ^ U 


< 0.1 


< 3 



(*) Does not contain hadronic decay modes of W and Z. 



The NC background cross sections from the above sources as estimated 
for o:da > 0.45 and yoA > 0.25 (ZEUS) and for > lO^GeV^ (HI) are 
summarized in Table 3.10. Both collaborations expect less than 0.1 events 
background in these regions [431]. For the recent analysis at lower [73], 
ZEUS quotes a maximum background contamination of 3% in a bin and 0.5% 
over the full phase space, dominantly from PHP. The corresponding numbers 
for HI are 5% and 1%, respectively [75]. 

In the recent CC analysis by ZEUS [74], a background contamination of 
1% at high is found (mainly from W production), increasing to > 10% 
in the lowest bin (where PHP and lepton pair production dominate the 
background) . HI finds a very similar level of background in the CC sample 
(2%, increasing to 10% at the lowest Q^) [75]. 

In both the NC and the CC analyses the uncertainties related to back- 
ground subtraction are below 1% for most bins and rise up to « 5% only at 
the lowest and high y (maximally 7% in the ZEUS measurement of the 
doubly differential CC cross section) . 



3.4.3 Acceptance and Migration Corrections 

Even after background subtraction, the distributions of event variables in the 
selected samples cannot be directly used as measures for the corresponding 
differential cross sections for two reasons: (i) some signal reactions escape 
detection or are rejected by the selection cuts; (ii) the reconstruction of kine- 
matic variables as described in Sect. 3.3.3 is not only limited in precision 
by the detector resolutions, but in addition suffers from systematic effects 
related both to physical peculiarities of the reactions (like ISR) and to mea- 
surement biases. As a result, the reconstructed kinematic variables exhibit 
systematic shifts with respect to the true values, and the distributions are 
therefore distorted owing to event migrations. 

Different algorithms are used to correct for these effects. They can be 
categorized into horizontal corrections (HCs), applied to the variables whose 
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distributions are investigated, and vertical corrections (VCs), applied to the 
distributions themselves. 

Horizontal corrections are used to obtain unbiased estimates of variables 
which can be interpreted in terms of physical quantities, and to reduce mi- 
grations in the corresponding distributions. Usually, HCs are derived from 
MC studies by evaluating either the average measured value of a variable as 
a function of its true value {measured- from-true) , or the average true value as 
a function of the measured one {true-from-measured) . It is important to note 
that in many cases both approaches yield distinctly different results, the rea- 
son being that the true-from-measured method depends on the distribution of 
the true variable in the MC sample whereas the measured-from-true method 
doesn’t. In particular, the true-from-measured method tends to induce a shift 
of the corrected variable into the direction of increasing differential cross sec- 
tions and to depopulate the tails of distributions. True-from-measured HCs 
have been used e.g. by ZEUS to correct x and in the 1994-96 NC analysis 
[71] and in the preliminary CC analyses [128, 432]. In contrast, HI has applied 
measured-from-true HCs to the hadronic variables Pt and ?/jb in the 1994-96 
CC analyses [72]. In the more recent analyses, progress in detector under- 
standing and reconstruction methods has allowed the determination of the 
kinematic variables without significant biases, whence horizontal corrections 
of the above-described type have no longer to be applied. 

Acceptance losses and distortions of distributions due to event migrations 
are corrected by applying VCs to the event numbers in the single bins of 
a distribution. In the simplest case the correction factors are taken to be 
.^true/.^ineas, where A^true is the number of MC events whose true variables 
fall into a bin, and A^meas is the number of MC events which pass the selection 
procedure and whose measured variables fall into the same bin {bin-by-bin 
unfolding). This procedure is justified if (i) the MC reproduces the data well 
and (ii) the bin sizes are large compared with the experimental resolutions 
and systematic shifts.® Both conditions are fulfilled for the HERA high-Q^ 
analyses, and bin- by-bin corrections are being used throughout. Note that 
only after performing the VCs are the distributions independent of detector 
and analysis properties, and results of different experiments can be directly 
compared. 



3.5 Summary of Analyses and Data Samples 

Results of ZEUS and HI high-Q^ analyses have been reported in four stages: 
in February 1997 (analyses of the 1994-96 data) [71, 72], at the 1997 sum- 
mer conferences (update including the first part of the 1997 data) [431, 439], 

® If these conditions do not hold, numerically demanding methods have to be used 
in order to guarantee unbiased results which are stable against small fluctuations 
of the input distributions [437, 438]. 
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Table 3.11. Data sets used for the different high-Q^ e'^p analyses of ZEUS and HI. 
The names are used for reference in this book only (see Chap. 4). In spring 1998 
HI reported NC results [433] both for a high-Q^ data set (denoted HN3a) and for 
a set extending to lower (HN3b). Note that small differences of the integrated 
luminosities as compared with those quoted in Table 1.1 are due to particular data 
quality requirements. The event numbers, Nsvt, are after all selection cuts 



NC 


Experiment 


C 


Reference 


Name 


Kinematic cuts 


Nevt 






(Pb-^) 










1994-96 


ZEUS 


20.1 


[71] 


ZNl 


> 5000 GeV^ 


191 




HI 


14.2 


[72] 


HNl 


> 2500 GeV^ 


443 


1994- 


ZEUS 


33.5 


[431] 


ZN2 


> 5000 GeV^ 


326 


July 1996 


HI 


23.7 


[431, 439] 


HN2 


> 2500 GeV^ 


724 


1994-97 


ZEUS 


47.7 


[428] 


ZN3 


> 400 GeV^ 
ye < 0.95 


38 000 




HI 


35.6 


[433] 


HN3a 


> 2500 GeV^ 
0.1 < J/e < 0.95 


1297 










HN3b 


> 200 GeV^ 
Ve < 0.9 

0.005 <x< 0.65 


75 000 


1994-97 


ZEUS 


47.7 


[73] 


ZN4 


> 400 GeV^ 
Ve < 0.95 


37 438 




HI 


35.6 


[75] 


HN4 


> 150 GeV^ 
Ve < 0.9 


75 000 


CC 


1994-96 


HI 


14.2 


[72] 


HCl 


Pt > 50 GeV 


31 


1994- 


ZEUS 


33.5 


[431] 


ZC2 


> 1000 GeV^ 


445 


July 1996 


HI 


23.7 


[431, 439] 


HC2 


> 2500 GeV^ 


61 


1994-97 


ZEUS 


47.7 


[428] 


ZC3 


> 400 GeV^ 


869 




HI 


35.6 


[433] 


HC3 


> 2500 GeV^ 


100 


1994-97 


ZEUS 


47.7 


[74] 


ZC4 


> 200 GeV^ 
yjB < 0.9 


1086 




HI 


35.6 


[75] 


HC4 


> 150 GeV^ 
0.03 < i/jB < 0.85 


700 



in spring 1998 (complete 1994-97 data) [128, 433] and in 1999 (final results 
for the 1994-97 data) [73]-[75j. Although the results of the intermediate two 
stages are marked preliminary and are partly superseded by the latest pub- 
lications, we will include a selected subset of them in this book in order to 
demonstrate the development of the analyses and to discuss features of the 
data which are not documented in the final papers. In Table 3.11, symbolic 
names are assigned to the different analyses, and the properties of the cor- 
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responding data samples are summarized. The symbolic analysis names will 
be used in the following and also in Chap. ! to refer to the corresponding 
results. For reasons of simplicity, Table 3.11 does not list the recent searches 
for physics beyond the SM [76]-[88] which partly use the same data sets as 
the cross section analyses, but usually with different kinematic cuts. 

The analysis results, including the distributions of kinematic variables will 
be discussed in Chap. . We conclude this chapter by presenting distributions 
of a few of the most relevant auxiliary variables and compare them with the 
corresponding results of MC simulations. The distributions of the energy and 
polar angle of the scattered electron obtained in the ZEUS analysis ZN4 
are shown in Fig. 3.7; the corresponding distributions resulting from the 
HI analysis HN4 are reproduced in Fig. 3.8. For both experiments, good 
agreement between data and MC is found over the full spectrum of electron 
energies and angles. The dip in the ZEUS 6e spectrum around 9^ « 0.65 
is caused by the fiducial-volume cuts applied in the electron identification 
algorithm (see Sect. 3.3.2). The few events at the highest E' > 200 GeV are 
those which fall into the kinematic region of > 2 x lO^GeV^, where an 
excess of events was reported (analyses ZNl and HNl [71, 72]). 




10 20 30 40 50 , 60 




Fig. 3.7. Distributions of (a) the electron energy, E'^, and (b) the electron scatter- 
ing angle, 6^, in ZEUS analysis ZN4. Dots with error bars represent the data; the 
shaded histogram is the MC prediction. The inset in (a) shows the high-i?( tail of 
the distribution. The plots are reproduced from [T i] 
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The global variables (see Sect. 3.3.1) are used for the reconstruction of 
kinematic variables and for calibration purposes (see Sects. 3.3.3 and 3.3.4), 
and their detailed understanding and correct simulation are essential for the 
reliability of physical results and the investigation of absolute energy scales 
and other systematic effects. A few selected distributions of global variables 
are shown and compared with the MC simulation in Fig. 3.9 {E — and 
7had from analysis ZN4) and Fig. 3.10 (hadronic variables from analysis 
HN4). Generally, good agreement is observed between data and MC. The 
HI figures demonstrate particularly well the level of detailed understanding 
and precision which has been achieved in detector calibration and kinematic 
reconstruction: both the decomposition of yje into contributions from dif- 
ferent sources and the control of the calorimeter noise subtraction shown 
in Fig. 3.10a, and the comparison of hadronic variables with their coun- 
terparts reconstructed from the energy and angle of the scattered electron 
(Figs. 3.10b-d) show that there are no residual systematic biases in the cor- 
rected hadronic variables, and that the resolutions of the hadronic and the 
electron measurements are accurately simulated in the MC. 




Fig. 3.8. Distributions of (a) the energy of the scattered electron, for > 
200 GeV^, (b) of A), for > 5000 GeV^ and (c) of the electron scattering angle, 6s 
in the HI NC analysis HN4. Dots with error bars represent the data; the histograms 
are the MC predictions. The plots are reproduced from [7-5] 
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the ZEUS analysis ZN4. The dots with error bars represent the data, the shaded 
histograms the results of the MC simulation. The plots are reproduced from [73] 





P.J, , / 

T,h T,e 



P / P 

T,h T,e 



Fig. 3.10. MC-data comparison of distributions involving hadronic quantities in 
the HI analysis HN4: (a) contributions to ym from LAC {full dots), from the rear 
calorimeter SPACAL {open triangles), from tracks {full triangles) and the sub- 
tracted contribution from calorimeter noise {open dots); (b) ratio ym/Ve', (c) ratio 
of the hadronic and the electron transverse momenta, {Pt )had/ft'; (d) (Pt)had/ft 
for P/ > 50 GeV. The histograms show the results of the MC simulation. The plots 
are reproduced from [75] 
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Finally, the distributions of some characteristic hadronic variables of the 
CC analyses ZC4 and HC4 are presented in Fig. 3.11 and Fig. 3.12, respec- 
tively. Again, very good agreement is observed between the distributions 
of the relevant hadronic quantities and the MC simulation. At the highest 
Pt P SOGeV in Fig. 3.11a, there is a slight indication of an excess of events 
over the MC expectation; the region of high and x, where these events 
are located, will be discussed in more detail in Sect. 1.2. The distributions of 
14p/14p in Fig. 3.12 demonstrate not only that the simulation of event topolo- 
gies and the reconstruction of hadronic quantities in CC events are well under 
control, but also that the background contributions from other ep reactions 
are correctly reproduced in the MC. Figure 3.12b furthermore shows that the 
photoproduction background to CC reactions (see Sect. 3.4.2) as determined 
from reactions in which the scattered electron is detected in the luminosity 
monitor is fully compatible with the corresponding MC simulation. These ob- 
servations lend high credibility to the detector simulation since they involve 
predominantly events in the tails of the resolution functions, for which an 
accurate simulation is known to be difficult. 




0 50 100 150 0 20 40 




5(GeV) 




Fig. 3.11. Distributions of (a) the net transverse momentum, (Pt)had, (b) S = 
E-P., (c) (Pt )had/Pt and (d) the hadronic angle, 7had, from the ZEUS CC analysis 
ZC4. Dots with error bars represent the data; the shaded histograms are the MC 
predictions. The plots are reproduced from [74] 
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Fig. 3.12. Distributions of the ratio Fap/Fp (see (3.26)) from the HI analysis HC4, 
(a) in the selected CC sample before applying the cut 14p/Vp < 0.15, and (b) in 
photoproduction events with the detected electron passing the CC selection. The 
dots with error bars represent the data, the full lines the MC simulation and the 
dashed line in (a) the subtracted background determined from an MC simulation 
of photoproduction and NC events. The shaded bands indicate the uncertainty of 
the background subtraction. The plots are reproduced from [75] 



4. Results from the ZEUS and HI Experiments 



The investigation of high-Q^ DIS at HERA started out as early as 1992 with 
the very first data taken by ZEUS and HI. Reports on searches for reso- 
nant production of leptoquarks (LQs) [55, 60] were amongst the first physics 
publications of ZEUS and HI, followed soon by measurements of the e~p 
CC cross section by HI [52] and of dcr® ^/dQ^ in NC and CC reactions 
with > 400 GeV^ by ZEUS [50]. These initial analyses were exploratory 
and statistics-limited, but already excluded gross deviations from the SM ex- 
pectations. This picture consolidated when the first HERA e+p data became 
available for analysis. Figure 4.1 shows the status of NC and CC cross section 
measurements as of mid-1996, when the 1994 data were analyzed [51, 53, 54] 
and preliminary results based on the 1995 data had been reported by ZEUS 



Fig. 4.1. Differential cross sections dcr/dQ^ of NC and CC DIS as measured by 
ZEUS [j7, .jl] and HI [53] by 1996. The symbols with error bars denote the ex- 
perimental results; the lines are the corresponding SM predictions. Note that the 
region > lO'^ GeV^ is hardly covered by experimental data 

Ulrich F. Katz: Deep Inelastic Positron-Proton Scattering 

in the High-Momentum-Transfer Regime of HERA, STMP 168, 115—186 (2000) 

(c) Springer- Verlag Berlin Heidelberg 2000 



[57]. 
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Meanwhile, both experiments have increased their e^p data samples by 
more than an order of magnitude as compared with the end of 1994. The high- 

domain of NC and CC DIS has been investigated with significantly higher 
statistical precision and reduced systematic uncertainties. In February 1997, 
ZEUS and HI announced the observation of an excess of NC events with > 
ISOOOGeV^ over the SM prediction [71, 72]. An update of these analyses 
including the first half of the 1997 data appeared in summer 1997 [431, 439], 
and although the new data did not confirm the previous observations, a 
clear indication of a discrepancy between the data and the SM expectation 
was still present. ZEUS and HI also reported CC rates which exceeded the 
predictions. The preliminary results of the analyses including the full 1997 
data sets became available in early 1998 [428, 433]. Recently, both ZEUS 
[73, 74] and HI [75] have published final results on the high-Q^ NC and CC 
cross sections. In the following, we will refer to the various analyses using the 
symbolic names defined in Table 3.11 in Sect. 3.5. In a few places, preliminary 
results derived from the e~ p data taken in 1998 and 1999 will also be quoted. 

In this chapter, we will review the results on DIS in the region above 
several hundred GeV^ reported by ZEUS and HI (Sects. 4.1 and 4.2), their 
interpretations in terms of the QCD and electroweak sectors of the SM 
(Sect. 4.3), and the searches for signals of physics beyond the SM in these data 
(Sect. 4.4). The impressive spectrum of cross section and structure function 
measurements at lower has been covered in several detailed reviews [44]- 
[46] and will not be considered here. The basic questions to be discussed in 
the following are: (i) What quantities have been measured, and to what pre- 
cision? (ii) Are the results consistent with the SM expectation,^ or are there 
significant deviations from it? (iii) To what level of sensitivity can the HERA 
experiments exclude (or confirm) hypothesized deviations of the cross sections 
from the SM predictions? In some places it will be appropriate to discuss not 
only the latest, final results but also the intermediate analyses (ZNl, ZN2, 
ZC2, ZN3 and ZC3 from ZEUS; HNl, HCl, HN2, HC2, HN3a,b and HC3 
from HI) in order to illustrate the historical development, the analysis tech- 
niques applied and the premises on which further analysis steps were built. 



4.1 Neutral-Current Results 

Of the HERA DIS data, the NC reaction channel offers higher precision than 
the CC channel for two reasons: the experimental advantage of assessing both 
the scattered electron and the hadronic system provides superior kinematic 
resolution, and the large cross section for below a few 1000 GeV^ allows for 
statistically accurate measurements and investigations of systematic effects. 

^ Here and in the following, we use the terms SM expectation and SM prediction to 
refer to quantities which are determined by extrapolating lower-Q^ measurements 
into the kinematic region of interest using the SM concepts (see Chap. 2). 
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In fact, the high-Q^ excess reported in 1997 has gained a substantial part of 
its significance from this NC-specific precision. 

In the following sections, two approaches are discussed which have been 
applied to analyze NC reactions and confront the results with the SM expec- 
tation described in Sect. 2.1; the comparison of distributions of reconstructed 
kinematic quantities with the corresponding predictions derived from the 
MC simulation (Sect. 4.1.1), and the evaluation of differential cross sections 
which can directly be compared with the theoretical expectations and be- 
tween ZEUS and HI (Sect. 4.1.2). 

4.1.1 Investigation of Neutral-Current Event Distributions 

The first high-Q^ results presented in 1997, and parts of the later updates, 
were based on comparisons between data and MC simulations of the distribu- 
tions of X, y and in the regions of > 5000 GeV^ and > 2500 GeV^ 
for ZEUS and HI, respectively. No acceptance corrections or unfolding proce- 
dures were applied to calculate cross sections (see Sect. 3.4.3). Although these 
distributions therefore depend on the properties of the respective detectors 
and on details of the offline analysis algorithms, they are well suited to inves- 
tigate the compatibility of the data with the SM prediction fed into the MC 
simulation. We first present the measured event distributions and the corre- 
sponding MC results. Thereafter, observed and expected event numbers in 
different kinematic regions are compared and used to quantify the probability 
that the apparent discrepancies are due to statistical fluctuations. 

In this section we will concentrate on the data with > 2500 GeV^ and 
discuss the experimental evidence for the excess of events at the highest 
and X which has triggered so much excitement. Note that some of the results 
presented in this section are “old”, i.e. they do not include the full 1997 data 
set or they stem from intermediate status reports. This reflects the fact that 
the more recent publications do not quantify the compatibility of the data 
and the SM prediction and focus more on cross section measurements and 
the search for new phenomena than on event distributions. 

The perhaps most intuitive way to comprehend these high-Q^ data is to 
investigate their two-dimensional distribution in the (cc, y) plane or, equiva- 
lently, in the (M, y) plane (M = These representations contain the full 

information on kinematic distributions in the data sample, and, although a 
direct comparison with theoretical predictions is difficult, allow one to scan 
for “anomalies” like events which cluster around one particular value of x and 
have a flat distribution in y (as would be expected for a scalar resonance, see 
Sect. 2.2.2). 

The (a:, y) event distribution obtained by ZEUS is shown in Fig. 4.2 for 
the analyses ZN2 and ZN3. The rectangle in the upper right corner of the 
plot denotes the “signal region” as defined in [71], i.e. the kinematic domain 
in which an excess of events was observed. Note that neither the rectangular 
shape of the signal region nor its exact boundaries are physics-motivated, and 
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Fig. 4.2. Distributions of ZEUS events in the (x,y) plane. The open squares rep- 
resent the result of analysis ZN2 (using the 1994-96 and the first half of the 1997 
data). The full dots denote the events contained in the second half of the 1997 data 
(analysis ZN3). Note that the reconstruction methods for ZN3 have been refined 
with respect to ZN2, and that the distribution of the ZN2 subsample (squares) 
would be slightly modified if the ZN3 reconstruction was applied. The plot has 
been reproduced from [428] 



that both are arbitrary to some extent. Only one further event occurred in 
this box in the 1997 data taking even though the integrated luminosity was 
more than doubled. 

The corresponding HI event distributions in the (M, y) plane are repro- 
duced in Fig. 4.3. In order to ease the comparison of ZEUS and HI results, a 
little conversion aid between x and M is provided in Table 4.1. The 1996 HI 
data indeed exhibit a structure which resembles the resonance scenario men- 
tioned above: there are six events with y > 0.4 lining up at M « 205 GeV 
(owing to refined reconstruction methods, the (M, y) pattern has slightly 
changed since the original analysis HNl, where seven events were clustered 
around M = 200 GeV [72]). It is this group of events which most significantly 
deviates from the SM prediction and suggests an interpretation in terms of 
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Fig. 4.3. Distributions of HI events in the (M, y) plane. The full dots represent 
the 1994-96 data. The open triangles denote the events in the 1997 data. All vari- 
ables were reconstructed using the HN3a algorithms, which induce slight shifts with 
respect to the earlier results (see [72, 431]). The plot has been reproduced from [ !33] 



Table 4.1. Conversion between x and M = for s = 90 200 GeV^, corresponding 
to the beam energies used in 1994-97 (see Table 1.1) 



X 


0.20 


0.25 


0.30 


0.35 


0.40 


0.45 


0.50 


0.55 


0.60 


0.65 


0.70 


M (GeV) 


134.4 


150.2 


164.6 


177.7 


190.0 


201.5 


212.4 


222.8 


232.7 


242.2 


251.4 



the resonant production of a new particle, an LQ or squark (see Sect. 2.2.2). 
However, the 1997 HI data did not corroborate the particular pattern ob- 
served in the 1994-96 event sample. 

In order to compare the data and the SM prediction on a more quantita- 
tive footing, the one-dimensional projections of the points in Figs. 4.2 and 4.3 
have been superimposed on the corresponding expectations calculated from 
the MC simulation. Note that these distributions must not be interpreted 
as cross sections. However, differences between data and MC exceeding the 
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Fig. 4.4. Distributions of Qua for Qda ^ 3000 GeV^ in the ZEUS e'^p data sam- 
ple of 1994-97 (analysis ZN3). The points with error bars denote the data; the 
shaded histogram is the MC simulation. Note that the error bars are calculated as 
square roots of the event numbers and are only used for illustration but not in the 
significance analysis. The plot has been reproduced from [428] 
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Fig. 4.5. (a) Distribution of in the HI e^p data of 1994-97. The data are shown 
as points with error bars, the histogram represents the MC simulation, (b) Ratio 
data/simulation; the lines indicate the error band due to systematic uncertainties. 
The plots have been reproduced from [84] 



level of systematic uncertainties related to the detector simulation would iir- 
dicate that the uirderlying model(s) do irot describe those data correctly. Air 
inspection of the distributions presented in Fig. 4.4 (ZEUS) and Fig. 4.5 
(HI) actually reveals indications of an excess of events as compared with the 
expectation at the highest Q^. Similarly, Fig. 4.6 demonstrates that the HI 
data points are above prediction in the tails of the M distribution of events 
with high y. A discussion of the ZEUS spectrum of the invariant e-jet mass 
in NC DIS events can be found in Sect. 4.4.1. 
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Fig. 4.6. Distribution of Me = y/x^s for HI events with j/e > 0.1 {open triangles 
with error bars) and for events with > t/cut {full dots with error bars), where 
i/cut is an Me-dependent threshold which decreases with increasing Me and has a 
value of 2/cut = 0.4 for Me = 200 GeV. The open {hatched) histogram is the result 
of the MC simulation for y > Q.l {y > i/cut), with the shaded band indicating the 
systematic uncertainty for y > 2/cut. The plot has been reproduced from [84] 
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Before we turn to discuss the statistical significance of the observed dis- 
crepancies, we first want to recollect that the errors which are assigned to 
simulated distributions and event numbers, as indicated e.g. in Fig. 4.6, re- 
ceive contributions from two main sources: (i) the uncertainty of the cross 
section prediction, which is dominated by the experimental errors on the in- 
put data for the PDF parameterizations and amounts to 3 - 8% in the kine- 
matic regions of interest (see Sect. 2.1.6); (ii) experimental effects which cause 
systematic shifts of the kinematic variables. The MC statistical errors do not 
contribute significantly to the overall uncertainties. The most prominent ex- 
ample of an effect of the type (ii) is the error of the absolute calorimeter 
energy scale, which induces sizable uncertainties for kinematic variables re- 
constructed with the e method (see Table 3.7). In kinematic regions where 
the average differential cross section in adjacent bins differs by large factors, 
such shifts are amplified and lead to large uncertainties of the expected event 
numbers. This feature explains the shape of the error band in Fig. 4.5b, 
which rises from about 8% to 30% from the lowest to the highest Q^, where 
migration effects are largest. ZEUS quotes an overall experimental system- 
atic uncertainty of 6.5% for //da > 0.25 and xda > 0.55 (analysis ZN2 [ i31j). 
The systematic errors in the NC analyses ZN4 and HN4 are discussed in more 
detail in Sect. 4.1.2, those of the CC analyses ZC4 and HC4 in Sect. 4.2.2. 
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Both collaborations have reported observed and expected event numbers 
for various parts of the kinematic plane, and we want to concentrate on those 
which are directly comparable between ZEUS and HI. The available cross 
section measurements typically average over kinematic regions larger than 
appropriate for studying the significances of observed deviations between data 
and expectation and are therefore not used for this purpose here. 

A selection of observed and expected event numbers in different kinematic 
regions and different analyses is given in Table 4.2. Before going into details of 
the statistical analysis and addressing the probabilities V, a comment on the 
expected event numbers, iVexp, seems appropriate. Obviously the ratio of the 
iVexp values from different analyses in a given kinematic region does not in all 
cases reflect the corresponding ratio of integrated luminosities. In particular, 
the ZEUS values of A^exp for the 1994-96 data are roughly twice as large as 
those of HI, whereas the luminosity ratio is about 1.4 (see Table 3.11). This 
mismatch is mainly due to different migration patterns induced by the kine- 
matic reconstruction and correction algorithms (see Sects. 3.3.3 and 3. 4. a). 
It is interesting to note that the later analyses exhibit the reverse tendency 
(HI having higher A"exp per luminosity than ZEUS), demonstrating that both 
collaborations have substantially modified their analysis methods. 

An inspection of Table 4.2 shows that significant deviations between data 
and expectation, if any, are of the type A^obs > A^exp, with a maximum dis- 
crepancy of A^obs— A^exp ~ 10 for > ISOOOGeV^ (the excess did not in- 
crease on adding the 1997 data). Using an overall acceptance of about 80% 
and the integrated luminosities in Table 3.11, a very rough estimate for the 
apparent excess cross section of CTexc ~ 0.4 pb for the 1994-96 data and of 
CTexc ~ 0.15 pb for the 1994-97 data can be obtained. 

The V values quoted in Table 4.2 are defined to be the probabilities to 
observe at least Aobs events if Aexp±(5Aexp are expected. It has been assumed 
that Aobs is distributed^ according to a Poissonian with mean /x, and that 
the probability density of /i is given by a Gaussian with mean Aexp and 
width 6Nexp which is normalized to unity in the region fi > 0. Under these 
assumptions, V is given by 

V = V{Nohs > Aexp) 

oo oo 

f dfl exp [-{fl - Aexp) V2(<5Aexp)^] £ j — 

= ^ ■ (4.1) 

/ d/x' exp [-(/x' - Aexp)^/2((5Aexp)^] 

0 

^ The concept of a distribution of Nobs needs some justification since there is only 
one such number per experiment and event category. However, one can consider 
the distribution of Aobs as obtained from a sample of many identical hypothet- 
ical or simulated experiments. Actually, this approach relates the probabilities 
discussed in this section to frequencies of observing a particular outcome in a 
series of equal experiments, and allows us to investigate heuristically questions 
of probability and significance using computer simulation techniques. 
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The probabilities V in Table 4.2 indicate the likelihood that the observed 
event numbers come from a statistical fluctuation of the SM expectation. V is 
at the level of a few percent at > 20 000 GeV^ and in the “signal regions” 
defined by ZEUS and HI in [71, 72] (see the lower part of Table 4.2). All V val- 
ues have increased significantly compared with the first analyses (ZNl, HNl), 
where values of 0(1%) and below were observed by both collaborations. 

For < ISOOOGeV^, excellent agreement between data and prediction 
is observed (the usual one-sigma confidence interval would correspond to V 
being in the range 15.9%-84.1%). No common tendency of observed event 
numbers to be below or above the expectation is visible in this range. 

Although the V values are well-defined probabilities, it is not justified to 
take them as measures of the significance with which the data deviate from 
the SM prediction. The reason is that V depends strongly on the choice of 
the kinematic region for which it is determined, and is hence arbitrary to 
some extent.^ Furthermore, no signal region is defined a priori (e.g. by a 
model predicting a specific LQ mass). Any deviation between the data and 
MG could therefore potentially be interpreted as a sign of new physics. Both 
ZEUS and HI have estimated the probability that an excess of events with an 
associated value of V as low as those in Table 4.2 could occur anywhere in the 
kinematic region under investigation. They proceeded in the following steps: 

• Ghoose a continuous parameter defining the signal region. In the case of 
ZEUS this was either x* , determining the rectangle x > x* , y > 0.25, or the 
lower bound on (Q^)*. HI applied a “sliding mass window technique” 
[64] with a mass parameter M* defining a region \M — M*\ < AM/2, 
y > 0.4. The analysis was repeated for different y cuts and values of AM. 

• Galculate U as a function of x* , {Q^)* or M* and record the minimum 
value, Umin- HI scanned M* in intervals of 1 GeV, determined the average 
V over three consecutive steps at a time and recorded the minimum of 
V. The results from ZEUS {x* , analysis ZNl) and HI (analysis HNl) are 
shown in Fig. 4.7 and Fig. 4.8, respectively. 

• Generate a large number of simulated event samples according to SM as- 
sumptions, each corresponding to the integrated luminosity of the exper- 
imental data (“Monte Garlo experiments”, MGEs). Determine in which 
fraction of them Umin is smaller than the value observed in the data. 

ZEUS found that 7.2% (6.0%) of all MGEs yielded a minimum probability 
Umin(a:*) (T’min[(Q^)*]) which was lower than the corresponding experimen- 
tal result (analysis ZNl). In the M* analysis of HI with a mass window 
width of AMe = 25 GeV a fraction of 0.9% of all MGEs was found in which 
Umin(M*) fell below the experimental value (analysis HNl). These fractions 
are interpreted as estimates of the probabilities that statistical fluctuations 
cause deviations from the SM expectation values somewhere in the kinematic 

® A simple way to produce arbitrarily small values of V is to define the kinematic 
region to be a box around an observed event and letting its size go to zero. 
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Fig. 4.7. Probability V calculated according to (4.1) for the kinematic region 
xda > yoA > 0.25 and Qua > 5000 GeV^ in the ZEUS analysis ZNl. Note 
that P is unity by construction for very high Xuaj above which no events are 
observed. The plot has been reproduced from [71] 




Fig. 4.8. Probability P cal- 
culated according to (4.1) for 
the kinematic region \M^ — 
Me| < AMe/2 and j/e > 0.4 
in the_JIl analysis HNl. Note 
that P is unity by construc- 
tion if no events are observed 
in the mass window. The plot 
has been reproduced from [72] 



region under investigation which are at least as large as the observed ones. 
They should not, however, be taken as probabilities that “the SM is correct” 
since this statement would require us to specify the complete set of alterna- 
tives and assign probabilities to them. No update of these statistical analyses 
including the 1997 data is available. However, it seems safe to conclude from 
Table 4.2 that the new data have increased the probability that the observed 
excess of events at high x and is due to a statistical fluctuation. 
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4.1.2 Differential Neutral- Current Cross Sections 



The distributions of kinematic variables in the event samples selected by 
ZEUS and HI allowed us to discuss the agreement of the data with the SM 
prediction in the previous section. However, the comparison of these data 
between ZEUS and Hl,^ as well as interpretations in terms of e.g. cross 
section predictions or QCD fits, requires one to apply the complete set of 
corrections (see Sect. 3.4.3) and to derive detector-independent quantities. 
In their more recent analyses, both experiments have therefore concentrated 
on determining cross sections, which are the canonical objects fulfilling these 
requirements and can directly be compared and also combined between both 
experiments. 

For all results reported in the following sections, the cross sections have 
been derived using bin-to-bin corrections (see Sect. 3.4.3 for a discussion of 
unfolding methods) of the type 



^meas 



(-^obs/-^)ldata 

(iVob.//:)lMc 



(4.2) 



where (Tmeas is the cross section actually measured in a particular kinematic 
region. The double ratio in (4.2) is calculated from the experimental and 
simulated numbers of observed events in the relevant region. Nobs, and from 
the corresponding integrated luminosity values, £, in the data and MC. 
The “true” cross section, ctmCj is taken from the MC generator (heracles 
[148, 415] with DJANGO [416]) and includes all simulated radiative effects.® 
The measured cross section, CTmeas, can be extrapolated to kinematic regions 
outside the experimental acceptance by choosing ctmc appropriately; ZEUS, 
for example, uses this method to determine cross sections covering the y 
range up to y = 1 although events with > 0.9 are excluded from the event 
selection (see Table 3.8). 

It is customary to define correction factors, Crad, which transform (Tmeas 
into so-called radiatively corrected or Born cross sections, CTBom: 



^Born — ^meas 



^rad — 



crsM 

O'MC 



(4.3) 



where ctsm is calculated for the same kinematic region and using the same 
PDF set as auc, but without electroweak radiative corrections; note that 
the cross section ctmc cancels when inserting (4.2) into (4.3). The radiative 
corrections, Crad, are typically in the range 0.85-1 for NC differential cross 
sections. The resulting cross section, (TBom, can directly be interpreted in 
terms of the LO formulae (2.4) or (2.12). It reflects the QCD effects and 
possibly residual electroweak radiative corrections included in <tsm; in par- 
ticular, (TBorn is sometimes referred to as the LO (NLO) cross section if LLA 

^ The ZEUS -I- HI sums quoted in Table 4.2 are only given for providing a rough 
overview and are not used for the signihcance analysis in Sect. 4.1.1. 

® HI has verihed ctmc using the program HECTOR [441]. 
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(NLLA) QCD corrections (see Sect. 2.1.2) are taken into account in the calcu- 
lation of (TsM- The ZEUS and HI cross sections presented in the following are 
radiatively corrected, using NLLA calculations of ctsm and Q^-independent 
electroweak parameters like a = a(Q^ = 0). 

Equation (4.3) can also be applied to determine differential cross sections 
at given kinematic coordinates provided CTmeas is evaluated for a kinematic 
region including ^ and the appropriate differential SM cross section, evaluated 
at is used on the right-hand side. This procedure, which has been applied 
by ZEUS, assumes implicitly the validity of the SM cross section shape (i.e. 
the correctness of the PDFs) inside the kinematic region covered by Umeas- HI 
follows a slightly different procedure by explicitly using the result of the HI 
NLO QCD fit (see Sect. 4.3.1) to assign differential cross sections to kinematic 
coordinates ^ {bin- centering corrections). 

Before discussing the ZEUS [73] and HI [75] cross section results, we 
want to review the main contributions to the systematic uncertainties (all 
percentages given in the following quantify the corresponding modifications 
of the measured cross sections). Reflecting the different detector technologies 
and analysis methods, these sources of systematic error are distinctly different 
between both experiments. 

For ZEUS, the main effects are due to: 

• Variations of the reconstruction and simulation of the hadronic system, 
affecting the kinematic variables via 7had (see Sect. 3.3.3). The dominant 
contribution (< 3% except at high and x, where it increases to about 
8%) comes from the differences between the ARIADNE [198] and lepto 
[196] implementations of fragmentation (see Sect. 2.1.7). 

• The electron angle measurement, the electron identification efficiency 
and the variations of the electron isolation cut and of the fiducial cuts 
(Sect. 3.3.2), each of which causes an uncertainty of < 2%. 

• Variations of selection cuts and background simulation (mostly below 2%, 
rising to 3% at high y and to 8% at the highest Q^). 

Uncertainties related to the trigger, the calorimetric electron energy scale 
and the simulation of the vertex position distribution are estimated to be 
< 1%. The 1.6% uncertainty on the luminosity measurement (see Sect. 3.1.4) 
affecting the overall normalization of the cross section results is not included 
in the systematic errors. 

In the HI analysis, systematic uncertainties are classified into uncorre- 
lated and correlated ones, where the first type (indicated by “(w)” below) is 
assumed to be independent between bins, whereas the second type (marked 
with “(c)”) modifies the cross sections by an overall factor. The main uncer- 
tainties arise from: 

• the calorimetric electron energy scale, inducing 5%(w)/3%(c) error; 

• a correlated uncertainty of < 5%(c) associated with the subtraction of 
photoproduction background; 
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• the hadronic energy scales (calorimeters, tracking), yielding a correlated 
contribution of < 4%(c); 

• the procedure for noise subtraction in the LAC, leading to a correlated 
contribution which is largest at low y, up to 15%(c) at < 2500 GeV and 
X = 0.65 ; 

• the electron identification efficiency, yielding an uncertainty of 2%(u), ris- 
ing to 4%(u) at large y and low 

• the electron angle measurement, contributing < 2%(u)/l%(c). 

Uncertainties related to trigger efficiencies, track-cluster matching in the elec- 
tron identification process and QED radiative corrections are estimated to 
be < 1% each. Like ZEUS, HI does not include the luminosity uncertainty 
(1.6%(c)) in the systematic errors. For the cross section presentation below, 
correlated and uncorrelated systematic uncertainties are combined in quadra- 
ture with the statistical errors to obtain “total errors”.® 

In the remainder of this section, we will present the ZEUS [73] and HI 
[75] measurements of the NC DIS differential cross sections dcr/dQ^, dcr/dx 
and da/dy, and of the doubly differential cross sections d^a/{dQ'^ dx), which 
are expressed in terms of the reduced cross section ^e+p^e+x (^2.46). These 
measurements are based on the complete 1994-97 e+p data sets and cover 
the range from a few hundred GeV^ to several lO'^GeV^. 

The results for da/dQ^ from ZEUS and HI are compared with the SM 
prediction in Figs. 4.9 and 4.10, respectively. The inner error bars indicate 
statistical uncertainties, the outer ones statistical and systematic uncertain- 
ties combined in quadrature (total errors). Whereas the measurement uncer- 
tainties are statistics-dominated for > 5000 GeV^, the systematic effects 
take over at low Q^. Within the errors, excellent agreement with the SM 
cross section is observed for < 20 000 GeV^, over more than five orders of 
magnitude of dcr/dQ^. A moderate excess of the measured over the predicted 
values is present in both experiments’ data at higher Q^. Note that the cross 
section definitions and the SM curves are slightly different in the two cases: 
ZEUS quotes d<j/dQ^ for the full y range and uses SM predictions calculated 
with the PDF set GTEQ4D [185], whereas HI restricts da/dQ^ to the region 
y < 0.9 and takes the SM prediction from a QGD fit to fixed-target data 
and to HI structure function and cross section data, including the high-Q^ 
results from [75] (see Sect. 4.3.1). 

A direct comparison between the da/dQ^ results of ZEUS and HI is 
presented in Fig. 4.11. The NG points shown there are identical to those in 
Figs. 4.9 and 4.10, and in particular differ in the y range which they represent. 
An LO calculation shows that the ratio (dcr/dQ^)/[dCT/d(5^(j/ < 0.9)] is about 

® Since both the uncorrelated and the correlated uncertainties are themselves ob- 
tained by combining the respective contributions in quadrature, no distinction 
is actually made between both types in this procedure. However, correlated and 
uncorrelated systematic errors are treated differently in the calculation for 
the HI QCD fit (see Sect. 4.3.1). 
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Fig. 4.9. ZEUS results from analysis ZN4: (a) NC cross section dcr/dQ^ {dots 
with error bars), compared with the SM prediction {line)\ (b) ratio of measured to 
predicted cross sections (dots). The error bars marked with a downward-pointing 
arrow indicate the Icr upper limits in a bin with zero observed events. The shaded 
band shows the PDF uncertainty. The plots have been reproduced from [74] 
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Fig. 4.10. HI results for the 
ratio of measured to predicted 
NC cross sections Aa/dQ^ in 
the region y < 0.9 {dots with 
error bars, analysis HN4). 
The PDF uncertainty (see 
Sect. 2.1.6) is indicated by 
the shaded band. The inset is 
a magnification of the region 
< 6000 GeV^. The plots 
have been reproduced from 
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Fig. 4.11. Comparison of the ZEUS and HI results for dcr/dQ^, for NC (ZEUS: 
analysis ZN4 {filled dots), HI: analysis HN4 {open dots)) and for CC scattering 
(ZEUS: analysis ZC4 {filled squares), HI: analysis HC4 {open squares)). The SM 
prediction for NC (CC) scattering is indicated by the full {dotted) line. The ZEUS 
results and the SM curves represent the full y range; the HI points are for y < 0.9. 
The offset of the HI points induced by this difference corresponds roughly to half 
of their total uncertainties, except for CC at low , where it is smaller (see text) 



1.02 at = 200 GeV, rising approximately linearly with to about 1.3 
at = SOOOOGeV^; in the full range, the offsets of the HI points with 
respect to the SM expectation in Fig. 4.11 are roughly given by half of their 
total uncertainties. Unaffected by this offset, very good agreement between 
the ZEUS and HI data is observed, extending to > 20 000GeV^. Note 
that the coverage has been significantly extended as compared with the 
pre-1996 status documented in Fig. 4.1. We will come back to Fig. 4.11 in 
the discussion of GG cross sections (Sect. 4.2.2) and of electroweak aspects 
(Sect. 4.3.2). 

Figure 4.12 presents the ZEUS results on dcr/dx above three different 
lower thresholds of (corresponding to lower limits on y for fixed x) . Again, 

good agreement is found between the ZEUS data and the SM expectation, 
demonstrating that the x shape of the PDFs determined from the fixed-target 
data describes well the ep data for values up to and beyond 10 000 GeV^, 
after a QGD evolution over two decades in . No obvious discrepancy be- 
tween the data and SM prediction is present, not even in the two highest x 



4.1 Neutral-Current Results 



131 




X 



Fig. 4.12. ZEUS results from analysis ZN4: differential NC cross section dcr/da: 
{dots with error bars) for (a) > 400 GeV^, (b) > 2500 GeV^ and (c) > 

lOOOOGeV^. The lines represent the SM prediction. The insets show the ratio of 
measured to predicted cross sections, with the shaded bands indicating the PDF 
uncertainty (see Sect. 2.1.6). The plots have been reproduced from [73] 




Fig. 4.13. HI results from analysis HN4: (a) differential NG cross section dcr/da: 
in the region > 1000 GeV^ and y < 0.9 {dots with error bars), compared with 
the SM prediction {full line) and a fit based on 7 exchange only {dashed line, see 
Sect. 4.3.2); (b) ratio of measured to predicted cross sections {dots) and uncertainty 
of SM prediction {shaded band). The plots have been reproduced from [75] 
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bins for > lOOOOGeV^. The same is true for the HI results on da/dx 
for > 1000 GeV^ presented in Fig. 4.13. Note that these statements are 
not incompatible with the evidence for event excesses discussed in Sect. 4.1.1 
and summarized in Table 4.2, since none of the bins in Figs. 4.12 and 4.13 
corresponds to one of the kinematic regions specified there; however, this 
observation demonstrates how sensitive statements on the HERA high-Q^ 
excess are to the choice of phase space for which they are made. The dif- 
ference between the solid and the dashed lines in Fig. 4.13 indicates the 
contribution of Z exchange to the cross section, which becomes sizable at 
values exceeding the squares of the W and Z masses. 

The ZEUS results on da/dy are shown in Fig. 4.14, again for three differ- 
ent lower thresholds of (corresponding to lower limits on x for fixed y). 
The good agreement between the ZEUS data and the SM expectation com- 
pletes the suite of SM-data comparisons of singly differential cross sections 




Fig. 4.14. ZEUS results from analysis ZN4: differential NC cross section da/dy 
(dots with error bars) for (a) > 400 GeV^, (b) > 2500 GeV^ and (c) 

> lOOOOGeV^. The lines represent the SM prediction, with the shaded bands 
indicating the PDF uncertainty (see Sect. 2.1.6). The inset shows the ratio of mea- 
sured to predicted cross sections. The plots have been reproduced from [73] 
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confirming the SM. Since the y dependence of the NC DIS cross section (2.4) 
is dominated by the [1 ± (1 — j/)^] terms which originate from the electroweak 
helicity structure of lepton-quark scattering, this result also corroborates the 
basic paradigm that DIS is mediated by electroweak interactions of point- 
like fermions. An analysis of the reduced NC cross section (2.46) in terms of 
(1 — yY has been performed by HI and is discussed in Sect. 4.3.2. 

We want to conclude this section by investigating whether the impressive 
agreement between measured and predicted singly differential cross sections 
described above also holds for doubly differential cross section. HI [75] has 
reported results^ on the reduced cross section, determined from 

d^a/(da;dQ^) according to (2.46). 

These measurements are particularly important since they (i) allow us to 
detect possible deviations from the SM predictions which might be hidden 
by the integration implicit in the singly differential cross sections, and (ii) 
constitute the central high-Q^ input for QCD analyses which quantify the 
agreement of the data with the evolution equations and serve to disentangle 
the single PDFs. To leading order, the reduced NC cross section is given by 
^2 - f{y)^ 3 , where f{y) = [1 - (1 - ?/)^]/[l + (1 - yf] < 1 induces the 
only dependence on the center-of-mass energy. Since the term vanishes 



asymptotically for ^ 0 , ct® 



e+X ; 



is appropriate for direct comparisons 



of HERA cross sections with fixed-target data recorded at lower energies. 

The HI results for ct® ^^® ^ are shown as functions of x for different 
fixed values of in Fig. 4.15. The price to pay for the amount of detail 
contained in the 130 data points is an increase of the statistical errors, which 
dominate the overall uncertainties at values of a few 100 GeV^ and above. 
The two sets of almost indistinguishable curves in Fig. 4.15 indicate the 
results of two different QCD fits performed by HI (see Sect. 4.3.1), of which 
one (dashed lines) is restricted to fixed-target data and HI structure function 
measurements at < 150 GeV^, while the other (solid lines) in addition uses 
the HI high-Q^ data (i.e. the data shown in Fig. 4.15 and the reduced CC 
cross sections discussed in Sect. 4.2.2). The fact that the results of both QCD 
fits are almost identical over the full kinematic range displayed in Fig. 4.15 
confirms that the high-Q^ data agree with the predictions derived from lower- 
energy data. In Fig. 4.16, (f® ^“"® ^ is presented as a function of for fixed 
values of x above 0.08. Also shown are fixed-target measurements at lower 
Q^. The QCD-induced scaling violation, leading to a decrease of ct® ^^® ^ 
with rising at high x and to an increase at low x, is clearly visible. The 
HI QCD fit (solid line) describes both the fixed-target and the HI data well; 
in this case, however, a slight excess is seen in the two highest bins at 
X = 0.4. The turnover of the SM prediction at > 10“^ GeV^ is caused by the 
destructive interference of Z and 7 exchange amplitudes, i.e. by the negative 
J -3 term. Correspondingly, the HI fit assuming pure photon exchange (dashed 
line) deviates significantly from the SM prediction in this region. 

^ Corresponding results from ZEUS are not yet available. 
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Fig. 4.15. HI results from analysis HN4: reduced cross section ^ 

function of x for different fixed values of {dots with error bars), compared with 
results of two different QCD fits (see Sect. 4.3.1), one using fixed-target data and 
lower-Q^ HI measurements as input {dashed lines), the other employing in addi- 
tion the cross section data shown in this plot and the HI CC results discussed in 
Sect. 4.2.2 {full lines). The inner {outer) error bars indicate the statistical (total) 
uncertainties. The plot has been reproduced from 
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Fig. 4.16. Reduced cross section g, function of for different fixed 

values of x. The filled circles are the same HI data as in Fig. 4.15 (analysis HN4). 
The filled and open squares at lower show the corresponding measurements 
of the fixed-target experiments as indicated in the plot header. The solid curves 
are the result of the HI QCD fit (see Sect. 4.3.1); the dashed lines represent a fit 
including 7 exchange only (see Sect. 4.3.2). For presentational clarity, all reduced 
cross sections have been multiplied with the factors indicated in parantheses. The 
plot has been reproduced from [75] 
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4.2 Charged-Current Results 

The investigation of CC ep reactions at HERA suffers from several disad- 
vantages as compared with the NC case: the total CC cross section is much 
smaller (see Sect. 2.1.6), restricting the statistical accuracy and impeding 
systematic studies; the kinematic reconstruction is less precise and subject 
to larger systematic uncertainties (Sect. 3.3.3); there are manifold potential 
background reactions which are difficult to separate from the signal sample 
(Sect. 3.4.2); and last but not least, the uncertainties of the SM cross section 
prediction are large (Sect. 2.1.6), reducing the significance of comparisons 
between experimental data and the SM expectation. 

Despite these difficulties, a variety of CC results exists. ZEUS and HI 
have reported CC event distributions [74, 84, 431, 433] and differential cross 
sections [74, 75], which will be presented in the following sections. The consis- 
tency of the CC results with the electroweak sector of the SM (which enters 
e.g. via the W mass in the propagator) will be discussed in Sect. 4.3.2. 

4.2.1 Investigation of Charged-Current Event Distributions 

For the same reasons as in Sect. 4.1, we start inspecting the CC data by hav- 
ing a look at the two-dimensional distributions of the high-Q^ event samples 
in the kinematic plane. Both collaborations reconstruct the kinematic vari- 
ables according to the Jacquet-Blondel method (see Sect. 3.3.3). The (x, Q^) 
distribution of CC events has been reported by ZEUS in [74] (analysis ZC4) 
and is reproduced in Fig. 4.17. Note that the distribution is distinctly differ- 
ent from the NC case, where the event density is by far largest at lowest Q^. 
No unexpected patterns are present in the event distribution of Fig. 4.17, nor 
in the corresponding HI {M,y) distribution [84] (not shown). However, we 
must be aware of the fact that any fine-grain structures would be washed out 
by the limited resolution. 

Figure 4.17 is well suited to discuss the impact of CC event topologies on 
the quality of cross section measurements in different kinematic regions. As 
can be understood from (3.23), the lower bound on Px = (Ut)had applied in 
the event selection predominantly excludes events at low . The systematic 
uncertainty due to background contaminations is largest close to this bound. 
The pole-like instability of (3.23) at y = 1 causes a deterioration of the kine- 
matic resolution at high y. At low y, on the other hand, event reconstruction 
is difficult since the hadronic system emerges at small angles in the forward 
direction (see Fig. 1.2) and tends to be at the edge of tracking acceptance 
and to overlap with the proton remnant jet, inducing measurement difficul- 
ties both for Px and for the vertex coordinates. ZEUS uses the calorimeter 
timing information to determine the vertex position of such events, which are 
indicated as filled symbols in Fig. 4.17 (see Sects. 3.3.3 and 3.4.1). 

In order to study the compatibility of experimental data and the SM 
predictions, the distributions of are compared with the SM expectations 
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Fig. 4.17. Distribution of ZEUS e^p CC events in the {x, Q^) plane (analysis ZC4). 
Events reconstructed using the CTD vertex are indicated by open symbols, those 
for which the timing vertex was used by filled dots (see Sect. 3.4.1). The kinematic 
region selected by the cut Pt > 12 GeV is indicated by the solid line. The plot has 
been reproduced from [74] 



in Figs. 4.18 and 4.19 for ZEUS and HI, respectively. The x distribution 
reported by ZEUS is shown in Fig. 4.20. Note that the ZEUS and x 
distributions only contain a subset of the data included in Fig. 4.17. The 
data and SM expectation are in good agreement for < 10 000 GeV^ and for 
X < 0.35 . In the high-end tails of the and x distributions the data tend to 
exceed the predictions. However, the significance of these deviations is small 
owing to the large systematic errors of the predictions, which are dominated 
by the absolute calibration of the hadronic calorimeter energy scales and by 
the uncertainty of the d-quark distribution in the relevant kinematic region. 

In intermediate reports prior to the final publications, ZEUS (analyses 
ZC2 and ZC3) and HI (HC2 and HC3) have compared observed and expected 
CC event numbers above different thresholds of and x. These numbers 
and the corresponding probabilities, V, calculated according to (4.1), are 
summarized in Table 4.3. The most unlikely feature of the data is the presence 
of the few events with > 20 000GeV^. However, all the probabilities are 
of 0(10%) or larger, indicating that the excess in the data is not particularly 
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Fig. 4.18. Distribution of in the ZEUS CC sample (analysis ZC2). has 
been reconstructed using the Jacquet-Blondel method and corrected to account for 
reconstruction biases. The dots with error bars represent the data; the histogram is 
the SM expectation. The shaded areas indicate the systematic errors of the expec- 
tation due to PDF and energy scale uncertainties. The plot has been reproduced 
from [431] 
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Fig. 4.19. Distribution of in the high-Q^ HI e^p CC sample with y < 0.9; 
and y have been reconstructed using the Jacquet-Blondel method. In (a), the dots 
with error bars represent the data, the histogram is the SM expectation; (b) shows 
the ratio measured/expected (dots), with the systematic uncertainty indicated by 
the band marked by the lines. The plots have been reproduced from [84] 



significant. Since the different correction methods applied by ZEUS and HI 
in the kinematic reconstruction (see Sect. 3.4.b) induce large differences in 
the numbers of expected events per integrated luminosity (for example, this 
ratio differs by a factor of 1.6 for > ISOOOGeV^), no attempt has been 
made to evaluate combined numbers as in Table 4.2. 
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Fig. 4.20. Distribution of x in the ZEUS e~^p CC sample (analysis ZC2); x has 
been reconstructed using the Jacquet-Blondel method and corrected to account for 
reconstruction biases. The dots with error bars represent the data; the histogram is 
the SM expectation. The shaded areas indicate the systematic errors of the expec- 
tation due to PDF and energy scale uncertainties. The plot has been reproduced 
from [431] 



Table 4.3. Numbers of observed (Nobs) and expected (Nexp) CC events above dif- 
ferent thresholds of and x. The errors SNexp are dominated by the uncertainties 
of the absolute energy scale and of the d-quark distribution. For each kinematic 
region, only the latest available number is quoted. The probabilities V have been 
calculated according to (4.1) 



Kinematic region 


Experiment 


Data set 


Nobs 


Nexp ± SNexp 


T{%) 


> 1000 GeV^ 


ZEUS 


ZC3 


586 


600 ±52 


59.7 


> 2500 GeV^ 


HI 


HC3 


100 


95.3 ±16.7 


40.6 


> 5000 GeV^ 


HI 


HC2 


43 


34.7 ±6.9 


19.2 


> 7500 GeV^ 


HI 


HC3 


41 


27.6 ±8.4 


10.1 


> 10 000 GeV^ 


ZEUS 


ZC3 


22 


17.0 +1:^, 


25.2 




HI 


HC2 


13 


8.3 ±3.1 


16.2 


> 15 000 GeV^ 


ZEUS 


ZC3 


8 


o Q +1-9 
-1.6 


10.7 




HI 


HC3 


9 


5.1 ±2.8 


17.5 


> 20 000GeV^ 


ZEUS 


ZC3 


3 


0 07+0-65 
-0.47 


11.6 




HI 


HC2 


4 


1.21±0.64 


5.9 


> 30 000GeV^ 


ZEUS 


ZC3 


1 


0.06l°“« 


8.6 


X > 0.1 


ZEUS 


ZC2 


186 


167 ±18 


20.0 


X > 0.2 


ZEUS 


ZC2 


52 


45.5 ±6.8 


25.9 


X > 0.3 


ZEUS 


ZC2 


17 


11.5 ±2.2 


11.3 


X > 0.4 


ZEUS 


ZC2 


5 


2.8 ±0.7 


16.8 


X > 0.5 


ZEUS 


ZC2 


1 


0.65±0.22 


46.6 
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4.2.2 Differential Charged-Current Cross Sections 

Both ZEUS [50, 51] and HI [52]-[54] have investigated the cross sections of 
the CC reactions e~ p — > vX and e^p vX in the data taken in 1993-95. 
These measurements were severely statistics-limited, but they allowed the 
collaborations to determine the total cross sections with a relative precision 
of less than 20% (30%) for e+p (e“p) reactions, and to measure differential 
cross sections with respect to x, y and (da/dQ^ is shown in Fig. 4.1). The 
total cross sections and da/dQ^ were also used to derive the W propagator 
mass and, for the first time, to establish experimentally a finite propagator 
mass in CC DIS [52]. All results were found to be in reasonable agreement 
with the SM predictions and with direct measurements of the W mass. 

We will in the following review the updated CC cross section measure- 
ments obtained by ZEUS [74] and HI [75] from analyses of the complete sets 
of e+p data taken in 1994-97. The determination of the W propagator mass 
and other electroweak aspects will be discussed in Sect. 4.3.2. The CC cross 
sections discussed below have been determined following the same procedure 
described in Sect. 4.1.2 for the NC case; in particular, they are radiatively 
corrected, with Crad ranging from 0.97 to about 1.1 at high y and [74, 75]. 

The dominant contributions to the systematic uncertainties of the CC 
cross section measurements by ZEUS are due to: 

• the uncertainty of the hadronic calorimeter energy scale, inducing a cross 
section error which is mostly below 10% but increases to about 30% (25%) 
in the highest (x) bins; 

• variations of the selection cuts, the largest effect being an 8% uncertainty 
in the lowest bins caused by the Up cut; 

• differences between the fragmentation simulation in ARIADNE [198] and 
LEPTO [196] (see Sect. 2.1.7), leading to uncertainties of up to 8% at the 
lowest and highest and at low x and high y\ 

• the photoproduction background subtraction, which causes cross section 
errors of less than 1% except for < 400 GeV^, where up to 7% are 
reached. 

The systematic effects related to the determination of the trigger efficiency, 
to the PDF choice for the MC simulation and for the calculation of ctsm in 
(4.3), to the effect of JA, and to the radiative corrections are estimated to be 
less than 3.5% each. 

In the case of HI, the largest systematic uncertainties® are due to: 

• the uncertainty of the hadronic calorimeter energy scale, contributing up 
to 8%(c) at the largest 

• a variation of the cut on T4p/1^ (see Sect. 3.5), which yields uncertainties 
of up to 12%(c) at low X and 

® As in Sect. 4.1.2, “(c)” and “(«)” denote correlated and uncorrelated systematic 
errors, respectively. 
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• the trigger efficiency, inducing a 3~-8%(tt) error; 

• the vertex-finding efficiency, which is uncertain by 2%(u) for most of the 
kinematic region, but up to 5% (it) at low y; 

• the photoproduction background subtraction, leading to cross section un- 
certainties of up to 4%(c) at low and x; 

• the subtraction of calorimeter noise (up to 4%(c)). 

The contributions from radiative corrections and from background identifi- 
cation efficiencies are estimated to be < 3%{u) each. 

The ZEUS measurement of Aa/AQ^ is shown in Fig. 4.21, the correspond- 
ing HI result for the ratio of measured and predicted cross sections is pre- 
sented in Fig. 4.22. The SM predictions have been evaluated by ZEUS and 
HI using the CTEQ4D PDF set and the HI NLO QCD fit, respectively. 
Within their statistical and systematic uncertainties, the data agree with the 
SM predictions in the whole range. The slight enhancement of the data 
over the expectation at > 10 000 GeV^ is not significant (confirming the 
same conclusion drawn from the event numbers in Table 4.3). Nevertheless, 
the result of the ZEUS QCD fit (dash-dotted line in Fig. 4.21b) indicates 
that the data suggest a larger Aa/AQ^ in that region than inferred from the 
CTEQ4D PDF set. The data are compatible with an increase by as much as 
a factor of two for > 20 000 GeV^. 

The ZEUS and HI results for Aa/AQ^ are directly compared with each 
other in Fig. 4.11. As in the NC case, the HI points are evaluated for y < 0.9 
and are therefore offset with respect to the SM curve. An LO calculation 
shows that (dCT/d(5^)/[dtT/dQ^(y < 0.9)] rises about linearly from 1.02 at 

= 300 GeV^ to 1.15 at = 15 000GeV^, implying that the offset is 
somewhat less than half of the total error of the HI points, except at low 
(5^, where it is smaller. Both sets of measurements are in good agreement 
also at > lOOOOGeV, where both collaborations measure a cross section 
exceeding the SM prediction by about the same amount. 

In Fig. 4.23 the ZEUS results for dcr/dx in the region > 200 GeV^ are 
shown; the corresponding HI results for > 1000 GeV^ are reproduced in 
Fig. 4.24. The different behavior of the SM curve for x < 0.03 is induced by 
the different restrictions. In the range x > 0.4, the ZEUS measurements 
exhibit a moderately significant cross section excess over the GTEQ4D-based 
SM expectation. The ZEUS QGD fit describes the ZEUS data better than 
the GTEQ4D PDFs in that region, in spite of the fact that the ZEUS data 
have not been used as input to the fit (see Sect. 4.3.1). Figure 4.23b demon- 
strates that, like the ZEUS fit, also the recent MRST PDF set [141] and 
the approach by Bodek and Yang [126] predict a dcr/dx which is larger than 
the GTEQ4D prediction in the high-x range; in all cases, this increase is 
caused by a modification of the d valence density. Obviously, no hypothe- 
sis beyond the SM is needed to explain the deviation of the high-x GG data 
from the GTEQ4D prediction. It is interesting to examine these results in the 
light of the suggested PDF modifications discussed in Sects. 2.1.6 and 2.2.1. 
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Fig. 4.21. ZEUS results from analysis ZC4: (a) CC cross section dcr/dQ^ {dots 
with error bars), compared with the SM prediction (line)', (b) ratio of measured to 
predicted cross sections (dots). The dash-dotted line is the result of the ZEUS QCD 
fit (see Sect. 4.3.1); the shaded band indicates the associated PDF uncertainty (see 
Sect. 2.1.6). The plots have been reproduced from [74] 
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Fig. 4.22. HI results for 
the ratio of measured to 
predicted CC cross sections 
da/dQ^ in the region y < 0.9 
{dots with error bars, analy- 
sis HC4). The SM prediction 
is taken from the HI NLO 
QCD fit, the PDF uncertainty 
(see Sect. 2.1.6) is indicated 
by the shaded band. The plot 
has been reproduced from [75] 
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Fig. 4.23. ZEUS results from analysis ZC4: (a) CC cross section dcr/d* in the 
region > 200 GeV^ (dots with error bars), compared with the the SM prediction 
(line)', (b) ratio of measured to predicted cross sections (dots). The dash-dotted 
line is the result of the ZEUS QCD fit (see Sect. 4.3.1); the shaded band indicates 
the associated PDF uncertainty (see Sect. 2.1.t)). The dashed and the dotted lines 
represent the cross sections calculated from the MRST [141] and the Bodek-Yang 
[126] PDF sets, respectively. The plots have been reproduced from [74] 





Fig. 4.24. HI results from analysis HC4: (a) CC cross section Aa/Ax in the region 
> 1000 GeV^ and y < 0.9 (dots with error bars), compared with the SM pre- 
diction as calculated from the HI NLO QCD fit (full line)', (b) ratio of measured 
to predicted cross sections (dots) and uncertainty of SM prediction (shaded band). 
The plots have been reproduced from [75] 
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Both the assumption of a nonvanishing d/u ratio at a; — > 1 and the pres- 
ence of intrinsic charm would affect the CC cross section most prominently 
at large x. An increase of dtr/dx by 20-100% at x « 0.5 may be expected 
(see Figs. 2.13 and 2.17), accompanied by a rise of da/dQ^ by as much as 
30% at > 20 000GeV^. The relative precision of the points in Fig. 4.21 
is 0(10-15%) for < lOOOOGeV^ and rises to above 30% for larger Q^; 
the total error of da/dx rises from about 10% at low x to 0(20-30%) at 
X « 0.4. These uncertainties are mostly statistics-dominated. We conclude 
that the current precision of the differential GG cross section measurements 
is roughly of the size of the expected effects but by far not yet sufficient to 
distinguish different hypotheses. 

Figure 4.25 presents the ZEUS result for the differential cross section 
d(j/dy for Q'^ > 200 GeV^. Again, good agreement with the SM prediction 
is observed, confirming that the quark and antiquark terms in (2.19) con- 
tribute in the right proportion. The comparison with the ZEUS fit shows 
that the modification of the d quark density discussed above affects da/dy 
most strongly at small y, below the current experimental acceptance. 

In the rest of this section we will discuss the doubly differential cross 
section d^ a / {dx dQ^) , which will be presented in terms of the reduced cross 
section ijj (2.47). The ZEUS and HI results for 

are shown in Figs. 4.26 and 4.27 as functions of for fixed values of x and 
as functions of x for fixed values of Q^, respectively. In Fig. 4.26 (Fig. 4.27), 
the HI points from [75] have been shifted to the x (Q^) values of the ZEUS 
points using the x and dependence of the reduced cross sections resulting 
from the ZEUS NLO QGD fit. Within the experimental uncertainties, the 





Fig. 4.25. ZEUS results from analysis ZC4: (a) CC cross section da/dy {dots 
with error bars), compared with the SM prediction {line)', (b) ratio of measured to 
predicted cross sections {dots). The dash-dotted line is the result of the ZEUS QCD 
fit (see Sect. 4.3.1); the shaded band indicates the associated PDF uncertainty (see 
Sect. 2.1.6). The plots have been reproduced from [74] 
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Fig. 4.26. Reduced CC cross sections g,s functions of at fixed values 

of X as measured by ZEUS (filled dots, analysis ZC4) and HI (open squares, analysis 
HC4). The full lines indicate the SM prediction calculated from the CTEQ4D PDF 
set; the dotted line is the result of the ZEUS QCD fit (see Sect. 4.3.1). The plot is 
based on the x binning of the ZEUS analysis [74]; the HI points from [75] have been 
shifted to the x values of the ZEUS points using the x dependence of the reduced 
cross sections resulting from the ZEUS NLO QCD fit 
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Fig. 4.27. Reduced CC cross sections functions of x at fixed values of 

as measured by ZEUS {filled dots, analysis ZC4) and HI {open squares, analysis 
HC4). The full lines indicate the SM prediction calculated from the CTEQ4D PDF 
set; the dotted line is the result of the ZEUS QCD fit (see Sect. 4.3.1). The dashed 
and dash-dotted lines represent the LO contributions to the reduced cross sections 
from quarks and antiquarks, respectively. The plot is based on the binning of 
the ZEUS analysis [74]; the HI points from [75] have been shifted to the values 
of the ZEUS points using the dependence of the reduced cross sections resulting 
from the ZEUS NLO QCD fit 
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data are consistent with each other and with the SM prediction. Owing to 
the large statistical errors, no preference for the CTEQ4D-based prediction 
(solid lines) or the ZEUS QCD fit (dotted lines) is obvious. 

In the above discussion, we have related singly differential CC cross sec- 
tions to the PDFs and to the helicity structure of the electroweak electron- 
(anti)quark interaction which induces the y terms in (2.12). The influence of 
these effects on CC reactions can most effectively be studied using the dou- 
bly differential measurements. The LO contributions to d® coming 

from scattering on quarks and antiquarks are indicated in Fig. 4.27 by the 
dashed and dash-dotted lines, respectively. The following observations can be 
made, (i) At high x, the cross section is dominated by the quark contribution, 
which is to good approximation given by the d valence density in this region. 
Modifications of the SM prediction for high- a; e^p CC cross sections hence 
always involve changes of dv{x,Q'^). (ii) The x values kinematically allowed 
for a given range from Xmin = to 1, corresponding to y decreasing 

from unity to zero. Owing to the (1 — y)^ factor in (2.19), the cross section at 
2^min is Completely due the antiquark contribution. The shapes of the quark 
and antiquark curves in Fig. 4.27 are therefore markedly Q^-dependent and 
do not directly reflect the PDFs, (iii) Assuming that the dependence of 
the PDFs is governed by the QCD evolution equations, measurements of 
CT® jjj principle be used to separate quark and antiquark PDFs. 

Furthermore, e~ p CC scattering is sensitive to u-type quark and d-type an- 
tiquark distributions, complementary to the e^p case. Future high-statistics 
e^p and e~ p data sets are therefore expected to be of central importance for 
precision PDF analyses in the high- a; region. 



4.3 QCD Analyses and Tests of the Electroweak Theory 

All the results we have discussed in this chapter are interrelated by the basic 
quantities and principles which govern DIS in the SM: the PDFs and their 
evolution in the QCD sector, and the SU(2 )l x U(1)y gauge theory including 
its parameters in the electroweak domain. In the previous sections, we have 
commented on characteristic properties of the data and details of the analyses 
related to different aspects of both sectors of the SM. In general, very good 
agreement between the SM predictions and data was found. We now want 
to reinforce some of these statements and to describe interpretative analyses 
which use both NC and CC data or investigate derived quantities such as the 
W and Z propagator masses. 

In Sect. 4.3.1, the QCD fits performed by M. Botje (ZEUS) and by the HI 
collaboration will be discussed. These fits, to which we referred repeatedly in 
the previous sections, use different subsets of the HERA data and, in addi- 
tion, fixed-target and other lower-energy data as input. They thus establish 
a test of the QCD concepts in a wide kinematic range and quantify their 
compatibility with the HERA data. These QCD fits explicitly use the DIS 
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cross sections (2.4) and (2.12) and hence rely on the underlying lepton-parton 
cross sections given by electroweak theory. It is not the physics goal of the 
HERA experiments to compete with the impressive diversity and precision of 
the electroweak measurements at LEP, SLC and the Tevatron (see [149] for 
a recent compilation). However, the HERA data allow for the first-ever tests 
of some SM predictions at space- like virtualities of 0{M ^ which extend 
considerably the experimentally verified region of validity of the SM. These 
tests will be summarized in Sect. 4.3.2. 

4.3.1 The ZEUS and HI QCD Fits 

The ZEUS [187, 442] and HI [75] collaborations have performed QCD fits to 
the HERA and to lower-energy data, with the objective to test the compatibil- 
ity of their data with the pQCD predictions and to estimate the uncertainties 
of these predictions. The ZEUS fit includes fixed-target results and the HI 
and ZEUS data taken prior to 1996. HI produces two variants of the fit, one 
restricted to fixed-target data and HI DIS measurements with < 150 GeV^ 
(“low-Q^ fit”), the other using in addition the full set of new HI NC and CC 
results (“HI QCD fit”). The latter fit is also repeated neglecting Z exchange 
in NC reactions, i.e. with = 0 in (2.7) and (2.8) (“HI 7 -exchange fit”). 

Both collaborations apply fitting techniques with similar specifications 
(HI characteristics are given in parentheses if different from ZEUS): 

• Input parameterizations. Functions of the type (2.42)® are used for Mv, dv, g 
and qs = u+d+s + c = 4 GeV^ ; the difference A = d — u is supplied 
as a further input function with independent parameters determined in 
the fit (is taken from [141] in the case of HI). The strange-quark PDF is 
taken to be s = s = 0.2qs (s = s = 0.5u). The sum rules (2.43)-(2.45) are 
imposed to constrain the parameters at Qq. 

• QCD evolution. The pQCD evolution of the PDFs is performed using the 
QCDNUM package [143] by M. Botje. The heavy-quark densities are gener- 
ated according to the YENS (see Sect. 2.1.2), with the charm evolution set- 
ting in at Qq (c = c = 0.02qe at Qq) and the b threshold at Q® < 25 GeV®. 
The strong coupling constant is set to as(Aff ) = 0.118. 

• Input data. The input data sets used for the fits are summarized in Table 4.4 

(see Sect. 2.1.4 for a discussion of these data). Corrections are applied for 
nuclear and target-mass effects (see [75, 187] and references therein). For 
the ZEUS fit, the input data are constrained to x > 0.001 (x > 0.01 for 
P 3 data), > 3GeV^ (Q® > IGeV^ for data) and > 7GeV®; 

higher-twist terms are parameterized as a fourth-order polynomial in x 
with the coefficients being determined in the fit. In the case of HI, the cuts 
X < 0.7, Q® > lOGeV® and > 20GeV® are applied and higher-twist 
terms (which are expected to be small owing to the W cut, see Sect. 2.1.2) 
are neglected. 

® The functions P{x;Cp , . . . ) in (2.42) are chosen differently by ZEUS and HI. 
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Table 4.4. Data samples used as input for the ZEUS and HI QCD fits. The 
three left columns indicate the experiments, the reactions and the reference from 
which the results were taken (D.Y. means Drell-Yan lepton pair production). The 
numbers of data points used in the fits, A^pnt, and the respective contributions to 
as calculated from the statistical and point-to-point uncorrelated systematic 
uncertainties are shown in the columns denoted y^/Ypnt; the numbers for the HI 
low-Q^ fit are given in parentheses. The scale factor applied to the data is reported 
only for those cases where it deviates from unity and is determined from the fit. 
The overall values of the numbers of degrees of freedom (i.e. Ypnt minus 

the numbers of fit parameters) are summarized in the last line 



Experiment 


Reaction 


Ref. 


ZEUS fit 
xVA^pnt 


Scale 


HI hts 
xVA^pnt 


Scale 


ZEUS 


e+p NC 


[3] 


235/147 




— 


— 


HI 


e+p NC 


[9] 


98/150 




65( 67)/ 77 


1.02(1.01) 




e+p NC 


[75] 


— 


— 


114 /130 


0.98 




e+p CC 


[75] 


— 


— 


18 / 25 


0.98 


SLAG 


ep NC 


[156] 


61/ 56 


0.99 


— 


— 




ed NC 


[156] 


52/ 57 


0.98 


— 


— 


BCDMS 


pp NC 


[152] 


155/177 


0.98 


104(102)/139 


0.96(0.97) 




pd NC 


[153] 


159/159 


1.00 


112(111^133 


0.98(0.98) 


NMC 


pp NC 


[154] 


250/233 




143(143)/ 90 


0.98(0.99) 




pd NC 


[154] 


190/233 




126(125V 90 


0.98(0.99) 




Fl/Fi 


[190] 


189/205 




— 


— 


E665 


pp NC 


[155] 


53/ 41 


1.02 


— 


— 




pd NC 


[155] 


45/ 41 


1.00 


— 


— 


CCER 


'PTe CC 


[166] 


33/ 68 


1.01 


— 


— 


E866 


pp,pd D.Y. 


[174] 


17/ 11 




— 


— 


Sum 


1537/1557 


683(548)/671(516) 



• Fit method. The free parameters are determined from a minimization 
taking into account the statistical and uncorrelated systematic uncertain- 
ties of the data, as well as normalization offsets constrained by the reported 
luminosity measurement errors. Systematic checks are performed by vary- 
ing input assumptions such as as{M'^), the renormalization and factoriza- 
tion scales, the heavy-quark thresholds, the strange-sea normalization, the 
nuclear corrections and the kinematic cuts applied to the input data. 

All three fits yield a value of degree of freedom close to unity, 

demonstrating that the data coming from different reactions covering a large 
range of characteristic energy scales are all well described by global PDFs 
conforming to the pQCD evolution equations. The fact that the HI fit also 
describes the new high-Q^ data well^° (overall x^/^pnt = 132/145), and that 
it is almost indistinguishable from the low-Q^ fit (see Fig. 4.15), indicates 

The slight discrepancy between the HI ht and the data observed in the highest 
X bin of Fig. 4.16 may be explained by higher- twist terms, which are neglected 
in the HI fits, but prove to be important also at > 20 GeV^ for the high-a: 
fixed-target data in the ZEUS fit [187]. 
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that this statement is also true for the HI high-Q^ data. Moreover, we have 



seen in Sects. 4.1.2 and 4.2.2 that the ZEUS fit agrees perfectly with the 
ZEUS high-Q^ data and partly describes them better than e.g. the CTEQ4D 
PDF set although these data have not been used for the fit. 

Given the good agreement of the ZEUS and HI QCD fits with the data, it 
is interesting to investigate whether the interpretation of the data in the light 
of the fit results yields new information on the PDFs, in particular at high 
X, where they are still controversial (see [192] and Sect. 2.1.6). Actually, the 
HERA e+p NC and CC data sets provide complementary sensitivity: the u 
distribution produces the largest contribution to the NC cross section at high 
X, whereas the CC data are dominated by d in this region. HI has exploited 
this fact to extract xu and xd as functions of for x = 0.25 and x = 0.4. 
Figure 4.28 shows experimental data and fit results for the structure function 
terms ^nc and <?cCj which are related to the corresponding reduced cross 
sections by 



The (5rad terms symbolize weak-interaction-induced radiative corrections that 
are not included in the reduced cross sections reported by HI and are negli- 
gible in the current context. Up to corrections of 0(10%) or below, ^nc and 
^CC are given by their respective u and d contributions, and (dashed 
lines in Fig. 4.28). The results for xu and xd are finally obtained by multi- 
plying ^NC and <Pcc with (x?i/^Nc)|fit (2^<^/^Cc)|fiti respectively, where 
the ratios are taken from the low-Q^ fit in order to avoid circular arguments. 
Uncertainties of 50% are assigned to the other PDFs which are subtracted 
by this procedure. In contrast to previous experiments, this determination 
of the high-x PDFs does not require one to combine data of reactions with 
different initial states, thus reducing considerably the systematic and theoret- 
ical uncertainties. The results, although statistics-limited, are consistent with 
the HI low-Q^ fit, which does not use CC data as input (see Table 4.4). More 
data will be needed to perform high-precision measurements at even higher 
X, which may serve to pin down the valence distributions in the limit x ^ 1. 

The ZEUS QCD fit demonstrates the variety of scenarios for the d/u ra- 
tio at high X which are still consistent with the fixed-target and early HERA 
data. Owing to the sparse experimental input and the large associated uncer- 
tainties, the X dependence of this ratio is determined to a larger extent by the 
functional form chosen for the valence PDFs than by the exact values of the 
corresponding parameters. Three typical cases are shown in Fig. 4.29. The 
ZEUS fit and CTEQ4M both use PDFs of the type (2.42), but ZEUS finds 
bu^ > bd^ (corresponding to a diverging d/u at x = 1), whereas CTEQ4M 

Note, however, that the presence of intrinsic charm or other nonstandard contri- 
butions to the PDFs would not be taken correctly into account by this procedure. 



^NC = (l + (1 - 1 
^CC = 




(4.4) 
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Fig. 4.28. Determination of the u and d quark densities from the reduced NC and 
CC cross sections measured by HI (analyses HN4 and HC4), as functions of for 
(a— c) X = 0.25 and (d— f) x = 0.4. The structure function sums ^nc and ^cc (see 
text) are shown in (a,d) and in (b,e), respectively. The filled dots {open squares) 
represent the measured values of ^nc (^cc), the solid lines are the results of the 
HI low-Q^ fit (see Sect. 4.3.1) and the dashed lines indicate the contributions of 
the dominant valence quark flavors. In (c,f) the extracted quark densities xu {filled 
squares) and xd {open squares) are compared with the prediction of the HI low-Q^ 
QCD fit {dash-dotted and dashed lines for xu and xd, respectively). The plots have 
been reproduced from [“' ] 

d / u 

Fig. 4.29. NLO PDF ratio 
d/u as resulting from different 
analyses: the solid line with er- 
ror band shows the result of 
the ZEUS QCD fit [187], the 
dash- dotted line represents the 
PDF set CTEQ4M [185] and the 
dashed line indicates the modi- 
fication of CTEQ4M according 
to Bodek and Yang [126]. Note 
that the region x > 0.75, where 
the error band diverges, is not 
covered by experimental data 
included in the QCD fits. The 
plot has been reproduced from 
[187] 
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(like all “standard” PDF parameterizations) has < bd^ (i.e. d/u — > 0). 
The Bodek-Yang variant [126] (dashed line in Fig. 4.29) enforces d/u = 0.2 at 
a; = 1 by constructioir. All three possibilities are compatible with each other 
within the error band of the ZEUS fit, indicating again that precise high- a: 
HERA data are needed to distinguish between these scenarios. An integrated 
luminosity of 250 pb“^ per experiment has been estimated [192] to be suf- 
ficient to discriminate models with and without the nuclear corrections for 
deuteron targets, which induce a nonzero d/u ratio at x ^ 1 (see Sect. 2.1.6). 



4.3.2 Sensitivity to Electroweak Aspects 

As discussed in Sect. 2.1.1, the electroweak sector of the SM enters ep DIS 
via the lepton-quark scattering amplitude. Iir priirciple, measuremeirts of ep 
DIS cross sections carry three types of electroweak informatioir: the weak 
coupliirg constants (2.3) and (2.11),^^ the propagator masses of the W and 
Z bosons, and the helicity structure of the leptoir-quark interactioir iirducing 
the y terms multiplying the structure functions in (2.4) and (2.12). Sensi- 
tivity to the effects caused by the weak force, such as Z exchange and its 
interference with photon-induced amplitudes, is mainly provided by NC re- 
actions at > 0{M^ 2 :) 3 ’Hd by the CC channel. Since both have low cross 
sections, the corresponding investigations are still statistics-limited and cur- 
reirtly result iir consisteircy checks of the SM in a irew kinematic domain, 
rather than contributing to the precisioir measurement of its parameters. A 
detailed accouirt of electroweak measurements at HERA which will become 
possible with future high-statistics data can be found in [43]. 

The helicity structure has been discussed by HI [75] using the results 
for ^NC and <Pcc for x values between 0.08 and 0.25 (see Fig. 4.30). In this 
kinematic region, the QCD scaling violation is small, implying that the de- 
pendence of ^NC,CC on (1 — y)^ at fixed x is predominantly given by the 
y terms in (2.19) and (2.4), i.e. by the scattering-angle distributions in the 
electron-quark center-of-mass system. In the CC case, the u and c contribu- 
tions cause a flat “pedestal” ; the d and s quarks yield the term rising linearly 
with (1 — y)"^. Figure 4.30a does not only support the predicted y depeir- 
dences (in agreemeirt with the ZEUS CC results oir dtr/dy, see Fig. 4.25) but 
also demonstrates that the CC cross section is increasiirgly domiirated by the 
quark contributions as x rises. For NC, we have ^nc ~ [l + (1 ~ 2 /)^] XT 2 at 
low (i.e. at high (1 — y)^). At larger this simple behavior is modified 
owing to the terms induced by the Z exchange amplitude. As in the CC 
case, the data are in good agreement with the prediction, whereas they sig- 
nificantly deviate from the 7 -exchange fit (dashed lines in Fig. 4.30b). Both 
the NC and the CC data sets hence confirm the SM helicity structure of 
lepton-quark interactions. In particular, no indication of scattering processes 

The electromagnetic coupling constant, a, is known to extremely high precision 

(see Table 2.1) and is not a subject of investigation in the ZEUS and HI analyses. 



4.3 QCD Analyses and Tests of the Electroweak Theory 153 




(1-yf (i-yf 



Fig. 4.30. HI results (a) for the structure function sum $cc and (b) for $nc as 
functions of (1 — y)^ at fixed values of x (analyses HC4 and HN4). The filled circles 
show the experimental results, the solid lines indicate the SM prediction according 
to the HI NLO QCD fit and the dashed lines are the result of the HI QCD fit 
including y-exchange only (see Sect. 4.3.1). The plots have been reproduced from 
[75] 



involving scalar constituents of the proton or other than the SM currents is 
observed. 

The difference between the photon-only scenario and the SM prediction 
in Fig. 4.30 is a consequence of the cross section contributions proportional 
to the term Pz in (2.7) and (2.8) and therefore quantifies the sensitivity of 
the data to Mz- ZEUS has investigated the agreement of the measured NC 
cross sections and the SM prediction for different values of the Z propagator 
mass, while keeping the couplings fixed. In Fig. 4.31a, the ratio of measured 
and predicted cross sections da/dQ^ is shown for Mz = 40 and 91 GeV and 
for Pz = 0, i.e. Mz oo. The cross sections da/dx obtained in the region 

> 10 000 GeV^ for the same three Mz values are compared with the ZEUS 
data in Fig. 4.31b. The corresponding result from HI is shown in Fig. 4.32. 
Whereas Mz = 40 GeV is clearly disfavored by the data at < 10 000 GeV^, 
the photon-only scenario, Pz = 0, is incompatible with the ZEUS and the 
HI data at > lOOOOGeV^. ZEUS quotes a probability of < 1.4% 
for Pz = 0, whereas p -^2 = 41% is obtained for the SM configuration. The 
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Fig. 4.31. Sensitivity of the ZEUS high-Q^ NC data to the Z propagator: (a) ra- 
tio of measured to predicted differential cross sections da/dQ^ and (b) differential 
NC cross section da/dx for > lOOOOGeV^. The filled circles denote the exper- 
imental results and the dashed and dotted lines indicate the expectations for the 
hypothetical cases Mz oo and Mz = 40 GeV, respectively. The plots have been 
reproduced from [73] 
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Fig. 4.32. HI results for the 
differential NC cross section 
da/dx in the region > 
10 000 GeV^ and y < 0.9. The 
filled circles show the exper- 
imental results, the solid line 
is the result of the HI NLO 
QCD fit and the dashed line 
indicates the HI QGD fit in- 
cluding 7 -exchange only (see 
Sect. 4.3.2). The plot has been 
reproduced from [75] 
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HERA high-Q^ data thus for the first time allow the direct observation of 
the Z contributions to unpolarized NC DIS cross sections. 

Finally, we turn to the CC cross sections, which depend quadratically on 
the W propagator and therefore allow a determination of Mw with much 
higher accuracy than Mz in the NC case. Already in 1994, HI established a 
finite W propagator mass [52] , for the first time in the history of CC DIS (see 
[445] and references therein). The precision of the Mw determinations from 
HERA data improved continuously in the following years [50, 51, 53] and is 
now defined by the CC data discussed in Sect. 4.2.2. The sensitivity of these 
cross section measurements to Mw is demonstrated in Fig. 4.33. From 
fits of the SM prediction to dn/dQ^ (ZEUS [74]) or a / {dx dQ"^) (HI [75]), 
with Mw in (2.19) treated as a free parameter and Gp fixed at the PDG 
value (see Table 2.1), the W propagator mass is inferred to be 

Mw = 81.4+11 (stat.) ± 2.0 (syst.) l (PDF) GeV (ZEUS) , (4.5) 

Mw = 80.9 ± 3.3 (stat.) ± 1.7 (syst.) ± 3.7 (theo.) GeV (HI) , (4.6) 

where the “PDF” and “theo.” errors reflect variations of the assumptions 
used for the underlying QCD fits and uncertainties of the input data for 
these fits. The precision of the HERA fit results for Mw is inferior to the di- 
rect measurements at LEP and the Tevatron, but their good agreement with 
the current world average of Mw = (80.371 ± 0.03) GeV (see Table 2.1) con- 
firms the validity of the SM paradigms in the kinematic region of space-like 
W’s. Also, since Mw enters (2.19) only in the combination M^/Q"^, and 
in turn, is directly affected by the hadronic calorimeter energy scale (see Ta- 
ble 3.7), these results constitute sensitive tests of the calorimeter calibration 
procedures in both experiments. 

ZEUS has extended the Mw fit by treating Gp as a second free param- 
eter, varied independently of Mw- Whereas Mw is mainly sensitive to the 
shape of dcr/dQ^, Gp is determined by the total CC cross section (and the 
potential precision of its measurement is therefore limited by the luminosity 
uncertainty). The central result of the two-dimensional fit and the 70% C.L. 

contour are shown in Fig. 4.34, together with the current world-average 
PDG values [108] of Mw and Gp (dotted lines). Very good agreement with 
these values is observed. In particular, allowing Gp to vary only marginally 
shifts the Mw value obtained in the one-dimensional fit (filled circle with hor- 
izontal error bar in Fig. 4.34). Note that this is actually the only significant 
test of the SM prediction for the size of weak couplings (see (2.18)) which 
is possible with the current HERA data; the weak contribution to the NC 
cross section is currently at the edge of measurability (see discussion above), 
implying that the errors on the weak NC couplings (2.3) in a corresponding 
analysis would be of G(100%). 

The first experimental evidence for the presence of the Z propagator in NC 
DIS was obtained from the observation of parity violation in the scattering of 
polarized electrons on deuterons at = G(lGeV^) [444]. 
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Fig. 4.33. HI results for the 
W propagator mass (analysis 
HC4). The filled circles show 
the ratio of the measured 
differential CC cross section 
dcr/dQ^ to the result of the 
propagator mass fit (see text). 
The dark (light) shaded bands 
indicate the variations corre- 
sponding to the experimental 
(total) mass errors. The plot 
has been reproduced from [75] 




Fig. 4.34. Results of the ZEUS fits to determine the Fermi constant, Gf, and the 
W propagator mass, Mw, from the differential CC cross section da/dQ^. The 
minimum of the two-parameter fit is shown by the filled triangle; the corresponding 
70% C.L. region is given by the ellipse. The full line is the SM constraint (4.7); 
the large star and the solid bars indicate the minimum and the Icr confidence 
interval along this line. The small star with error bar symbolizes the result on Mw 
obtained by imposing the SM constraint (see text). The filled circle with error bar 
shows the result of the Mw determination in a one-parameter fit with Gf fixed at 
the PDG value (horizontal dotted line). The vertical dotted line indicates the world 
average of direct W mass measurements [108]. All errors and confidence regions 
reflect statistical uncertainties only. The plot has been reproduced from [74] 



4.4 Searches for New Physics 157 



Even though Mw and Gp have been treated as independent parameters 
in the ZEUS fit, they are actually related to each other by the SM formula 

r .4 yx 

^ V2 M^(M| - M^) 1 - Ar ’ ^ ^ 

which in addition depends on Mz, on the fine-structure constant, a, and on 
the radiative correction term Ar. In the tree-level approximation, Ar = 0, 
and (4.7) can be directly derived from (2.18) and the relation cos^w = 
Mw/Mz- The dominant leading-order contributions to Ar are given by 
Aro = 1 — a(0)/aj^(M|) = 0.0664 and by a term quadratic in the top mass, 
0.00952 (mt/174. 3 GeV)^ [109]. The constraint imposed by (4.7) is shown in 
Fig. 4.34, together with the Icr confidence region along the resulting con- 
tour. Usually, (4.7) is applied to infer Mw from a, Gp and Mz, i.e. from 
the three most precisely measured quantities which fix the electroweak SM 
couplings and gauge boson masses. ZEUS, in contrast, investigated the pre- 
cision with which Mw can be determined from the ZEUS data if the SM and 
the world-average values of Mz and a are assumed to be correct, but other 
measurements of Gp are ignored. Mw is then obtained by projecting the SM- 
constrained confidence interval in Fig. 4.34 onto the Mw axis, resulting in 

Mw = 80.5;[]-25 (stat.) (syst.) ± 0.31 (PDF)t° °^ (masses) GeV . 

(4.8) 

The error labeled “masses” is due to variations of Mz and mt within their 
experimental uncertainties and of the Higgs mass in the range 100-220 GeV. 
Note that the SM constraint forces the resulting Mw to lie close to the PDG 
value, even if the error ellipse in Fig. 4.34 were significantly displaced from 
the SM point. The Mw value in (4.8) should therefore not be interpreted as 
a measurement; rather, its agreement with the world average is a successful 
check of the consistency of the ZEUS GG data with the SM prediction. 



4.4 Searches for New Physics 

In Sect. 2.2.2, we have discussed different hypothesized scenarios which could 
modify the DIS cross section at high x and . In the presence of an excess of 
events in this kinematic region which seems to be consistent with clustering 
around a certain value of x, it is of course highly desirable to test these 
scenarios against the data and to exploit all experimental signatures which 
might help to differentiate between hypotheses beyond the SM, scenarios 
involving modifications of the PDFs and the “simple” explanation assigning 
the excess events to a statistical fluctuation. 

We will in the following review the HERA results of searches for two 
prominent scenarios which might modify the high-Q^ DIS cross sections 
and have been proposed by many authors as possible explanations of the 
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HERA excess events: the resonant production of LQs or squarks (Sect. 4.4.1), 
and contact interactions as the effective “low-energy” phenomenology of new 
physics happening at mass scales far beyond the HERA center-of-mass energy 
(Sect. 4.4.2). With the exception of alternative, non-LQ decay channels of Rp- 
violating squarks, we will not consider search analyses in which all or most 
high-Q^ DIS reactions, specifically those in the excess region, are excluded by 
the respective event selections. This applies in particular to the searches for 
excited fermions [60, 66]-[68, 70, 80, 87], for lepton flavor violation [-59, 64, 84] 
and for pair production of supersymmetric particles [62, 82], although some of 
these are related to the high-Q^ DIS sector either by providing reaction signa- 
tures which might fulfill the DIS selection criteria (like excited electrons, see 
Sect. 2.2.2), or by having hypothesized physical origins (such as lepton-flavor 
violating LQs) closely related to those discussed in the following. 

Since search analyses require a detailed understanding of both the SM 
“backgrounds” and the phenomenology of the postulated signal, they are of- 
ten impeded by experimental or theoretical difficulties which do not affect 
other studies at the same level. Consequently, many results presented in this 
section have been published only recently, or are preliminary or even incom- 
plete. Still missing are, for example, a detailed simulation of pQCD processes 
in resonant LQ production including matrix-element calculations of high-pt 
QCD splittings, and a systematic search for all possible decay modes of Rp- 
violating squarks, with a mapping of the corresponding exclusion limits to 
the SUSY parameter space. On the other hand, some preliminary results are 
already available for the 1998-99 e~ p data, which are particularly helpful to 
constrain scenarios to which the e+p data are less sensitive. All in all, we will 
see that the existing results already allow us to draw meaningful conclusions, 
both on the possible nature of the high-Q^ excess and on strategies to solve 
remaining questions in investigations of future HERA and other data. 

4.4.1 Electron Quark Resonances 

The experimental searches for electron-quark resonances performed by the 
HERA experiments use the LQ classification presented in Sect. 2.2.2 (Ta- 
ble 2.3). The initial quark flavor, the spin of the resonance and its branching 
ratios (3^ = BR(LQ — > eq) and j3i, = BR(LQ — *■ vq') (if the latter channel is 
used for the analysis) have to be specified in order to properly simulate the 
experimental signatures. The search for squarks in the LQ-like decay modes^'^ 
differs from the LQ case mainly because squarks are always scalar and have 
a reduced spectrum of couplings to quarks, and since they have different de- 
cay properties from LQs. For squarks, /3e is a variable number depending 
on the SUSY parameters, and j3i, is either zero (u-type squarks) or variable 
(d-type squarks); for “conventional” LQs, the branching ratios are given by 

In the following, we will use “LQ” generically for any electron-quark resonance 

decaying to eq or vq' . 
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the SU(2 )l X U(1)y symmetry, fulfill /3e + = 1 and are either zero, half or 

unity. 

In the following, we will first discuss the search strategies for LQ signals 
in the NC and CC channels and present the relevant experimental data. 
After an excursion dealing with the effects of radiative corrections on the 
different mass reconstruction methods and with the question whether the 
ZEUS and HI excess data, if interpreted as resonance signals, are consistent 
with each other, we will present the LQ limits in terms of cross sections, 
coupling constants and branching ratios. Finally, searches for i?p-violating 
squarks in non-LQ decay channels will be briefly summarized, which also 
involve the events with signature observed by HI. 

Experimental Data and Search Analyses 

The basic input for the search analyses is the two-dimensional (x, y) or (M, y) 
distribution of NC and CC events. As discussed in Sect. 2.2.2, the signature 
of an LQ would be an excess of events over the SM prediction which cluster 
around a given value of M or x corresponding to the mass of the resonance, 
and which would be distributed fiat in y or like (1 — y)^ for scalar or vector 
LQs, respectively. In Fig. 4.35, the signals simulated by HI for scalar LQs 
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Fig. 4.35. Event distributions in the (M, y) plane as expected in the HI analysis for 
the production of a hypothetical scalar LQ with F = 0 and mass Mlq = 200 GeV 
which decays (a) in the NC channel (LQ ^ eq) and (b) in the CC channel (LQ ^ 
vq'). The dots indicate the reconstructed kinematic variables for a simulated LQ 
event sample corresponding to the data luminosity, with an LQ coupling of A = 0.05 
and a branching ratio of one in the respective decay channel. The plots have been 
reproduced from [84] 
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with a mass Mlq = 200 GeV and a coupling^® A = 0.05 are shown for the 
decay modes LQ ^ eq and LQ ^ vq' , which will be called “NC-like” and 
“CC-like” in the following. 

The two-dimensional event distributions of the NC channel have already 
been discussed in Sect. 4.1.1 (see Figs. 4.2 and 4.3). Indeed, a pattern resem- 
bling a resonance signal is observed in the high-Q^ region of the HI data (see 
Fig. 4.6). The significance of this excess has been investigated in Sect. 4.1.1; 
see in particular Table 4.2. Before describing the analysis strategies applied 
to quantify the excess in terms of cross sections and LQ couplings, we want 
to present the corresponding ZEUS data, and also the experimental evidence 
available for the CC channel. Whereas HI applies the electron (Jacquet- 
Blondel) method to reconstruct the mass Mg = yfx^s {Mh = ^xjbs) in 
the NC (CC) channel (see Sect. 3.3.3), ZEUS uses the invariant mass 
{I = e, v) calculated from the measured energies and directions of the scat- 
tered lepton and the jet with highest transverse momentum according to 



for all resonance searches. In (4.9) Ej is the jet energy and ^ is the angle 
between the lepton and jet. The CC lepton variables are determined from the 
Jacquet-Blondel method. The mass resolution for the NC channel improves 
for growing Mlq and is about 4% at Mlq = 200 GeV, with a bias induced 
by QED and QCD radiation of about —2% for HI and —1% for ZEUS. For 
the CC channel, HI quotes a mass resolution of 0(10%) on average, with a 
bias of —6%. As can be seen in Fig. 4.35, the CC mass reconstruction is not 
only less precise on average, but in addition deteriorates at high y, i.e. in the 
region of the main sensitivity to LQ production. For this reason, ZEUS and HI 
currently do not use the CC data to set limits on the production cross section 
of hypothesized LQ species having both NC- and CC-like decay channels. 

For the limit-setting procedure, ZEUS uses the “constrained-jet” mass 
reconstruction method. 



where E + is calculated analogously to (3.4) from the final-state lepton 
and all jets with pseudorapidity ? 7 j < 3 and a transverse momentum above 
15 GeV. In the MC simulation of LQ production, Mcj improves the mass 
resolution at high y by a factor of about two compared with M^j. However, 
(4.10) is based on energy-momentum conservation constraints and is sensitive 
to the non-LQ part of the hadronic final state. It is therefore only applied 
in cases where the final state is assumed to be exactly known, i.e. for the 
comparison of the data with specific models of eq resonance production as 
implemented in the MC simulation. 

In Sect. 2.2.2, the symbol g was used for the Yukawa couplings, in accordance 
with the conventions generally used. In this section, we will instead use A in 
order to comply with the plots produced by ZEUS and HI. 




(4.9) 



Mcj = \Z2Eg(E + P,) 



(4.10) 
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In Fig. 4.36a,b the ZEUS Mej distribution is compared with the SM expec- 
tation [76]. A clear excess in the data is observed at masses Me] > 210 GeV, 
where 49 events are observed while 24.7 ± 5.6 events are expected. This ex- 
cess also contains those five high-Q^ events from the 1994-96 data sets which 
were reported in [71] (see Table 4.2); their average Mg] value is about 7 GeV 
below the mass reconstructed originally using the double-angle method.^® 
Although the ZEUS Me] spectrum resembles the expected signal of eq res- 
onance production, this hypothesis is not supported by the distribution of 
COS0* = 1 — 2y (1.6) in the events with Me] > 210 GeV, which is shown in 
Fig. 4.36c: the events cluster at cos 9* « 1, as expected for NG DIS. No sig- 
nificant fraction of the excess is located at cosO* < 0.6, i.e. at y > 0.2. ZEUS 
therefore concludes that the data are not indicative of LQ production. 

Some of the LQ species in Table 2.3 have GG-like decay modes. In ad- 
dition, i?p-violating d-type squarks can decay into a quark and a neutrino. 
Results on searches for such resonances are available from HI [84] and, pre- 
liminarily, from ZEUS [77]. The relevant mass spectra are compared with 
the SM predictions in Figs. 4.37a and 4.38. No obvious sign of a resonance 
structure is visible. Whereas the HI data agree well with the SM prediction, a 
slight event excess is present in the ZEUS data at masses above 200 GeV; this 
corresponds to the excess at high x discussed in Sect. 4.2. The distribution 
of COS0* in the ZEUS high-mass region, shown in Fig. 4.37b, reveals that the 
event excess lacks a significant component which is distributed uniformly in 
y, and hence does not support the presence of a scalar LQ. Note that, owing 
to the absence of the photon propagator, the y distribution of GG DIS events 
at fixed x is much more “LQ-like” than in the NG case and is in particular 
very similar to that expected for a vector LQ. The PDF modification sug- 
gested by Bodek and Yang [126] (see Sects. 2.1.6 and 4.2) leaves the shape of 
the expected cos 9* distribution mostly unmodified and hence does not affect 
the conclusions with respect to the LQ search. 

Both collaborations derive upper limits on the product (Tlq/ 3 of the pro- 
duction cross section for LQs and their branching ratio into the decay chan- 
nel under study. The results are based on comparisons of the expected and 
observed event numbers in Muq-dependent search windows which are opti- 
mized for maximal sensitivity using samples of simulated DIS and LQ events. 
The MG simulation of LQs includes QED as well as QGD radiation in the 
leading-log approximation. In the ZEUS analysis, only the resonant s-channel 
contribution to the LQ cross section is taken into account, and the search 
is restricted to the region where the narrow-width approximation (NWA) is 
valid (see Sect. 2.2.2). HI considers the full LQ-induced cross section, thereby 
gaining sensitivity for LQs with masses around and even beyond the HERA 
center-of-mass energy. For a given Mlq, the search window is defined by a 
mass interval, which reflects the mass resolution and the reconstruction bias. 
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We will come back to differences between the mass reconstruction methods and 
their sensitivity to QCD radiation effects in the next subsection. 
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Fig. 4.36. Search for resonantly prodnced states decaying to electron and jet in the 
1994-97 ZEUS NC data, (a) Distribution of the invariant electron-jet mass, Mej 
{filled circles), compared with the SM prediction derived from the CTEQ4 PDF 
set [185] {solid line). The inset shows the region Mej > 180 GeV on a linear scale, 
(b) Ratio of measured to expected Mej distributions, with the uncertainty of the 
prediction indicated by the hatched hand, (c) Distribution of cos 9* (see text) for 
Mej > 210 GeV; the dashed {dotted) lines indicate the expectations for a scalar 
(vector) LQ. The plots have been reproduced from [70] 
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Fig. 4.37. Search for resonantly produced states decaying to nentrino and jet in the 
1995-97 ZEUS CC data, (a) Distribution of the invariant nentrino-jet mass, Mv] 
{filled circles), compared with the SM prediction derived from the CTEQ4 PDF 
set [185] with {solid line) and without {dashed line) the modification suggested by 
Bodek and Yang [126]. (b) Distribution of cos 6* (see text) for M„j > 200 GeV; the 
dotted line indicates the expectation for a scalar LQ, normalized to 8 events in the 
relevant mass range. The plots have been reproduced from [77] 




Fig. 4.38. Distribution of 
the mass Mh = y'xjBS (see 
(■3.24)) in the HI CC sam- 
ple (1994-97 data). The filled 
circles represent the HI data; 
the histogram is the SM ex- 
pectation derived from the 
MRST PDF set [141], with 
the overall uncertainty indi- 
cated by the shaded area. 
The plot has been repro- 
duced from [84] 



and by a lower y cut, j/cut, which removes the bulk of DIS reactions. In the 
NC channel, the width of the mass window is typically 20 GeV. The y cut 
decreases with increasing Mlq, e.g. from 0.45 to 0.05 (from 0.25 to 0.05) for 
the mass range 150 -290 GeV in the ZEUS search for scalar (vector) LQs. 
The lower bound of the mass window and t/cut for the HI analysis are shown 
as functions of Mlq in Fig. 4.39a,b. At high masses, the inclusion of the non- 
resonant contributions distorts the mass shape of the signal, necessitating a 
widening of the mass window accompanied by an increase of ycut to keep the 
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Fig. 4.39. HI LQ search: lower cuts on (a) y and (b) on the reconstructed mass, 
y/x^s, in the searches for F = Q {solid line) and |F|=2 {dashed line) scalar LQs; 
(c) contributions to the cross section induced by S'o.r (I-EI —2) LQs with A = 0.5 
in the kinematic range selected by these cuts: u-channel contribution (uu, dotted 
line), interference with SM (uint, dash-dotted line), sum of s-channel and u-channel 
contributions (ulq, dashed line), and total difference from the SM cross section 
(fLQ + cTint, solid line); (d) as in (c), but for L i^~^) LQs. In (d), cr„ is too 
small to be shown and (Tint is negative. The plots have been reproduced from [84] 



DIS background low. The efficiency for accepting LQ-induced events rises 
with Mlq and ranges from 20% to about 50% for Mlq = 75-250 GeV in the 
HI analysis. 

For LQs coupling to first-generation (anti)quarks, the s-channel, u-channel 
and SM x LQ interference contributions to the e~^p NC cross section in the 
HI search windows are shown as functions of Mlq in Figs. 4.39c,d for |F| = 2 
and F = 0, respectively. The interference terms are important for masses 
> 220 GeV (> 280 GeV) for |F| = 2 {F = 0), i.e. for LQs produced from anti- 
quarks (quarks). The it-channel contribution is always small and completely 
negligible for F=0. Figure 4.39d demonstrates that the approximation used 
in the ZEUS analysis (s-channel only) is valid almost up to the kinematic 
threshold for LQs which can be produced from valence quarks; we will report 
ZEUS results only for these channels, i.e. for F = 0 in the case of e~^p and for 
|F| = 2 in the case of e~p reactions. 
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Radiative Effects, Mass Reconstruction, and the Compatibility of 
the ZEUS and HI Data with a Single Narrow Resonance 

The question whether the data of ZEUS and HI are compatible with each 
other and with the interpretation as a single narrow eq resonance has been 
discussed since anomalous event rates were reported for the very first time. 
Most of the arguments focused on the excess events of analyses HNl and 
ZNl, which cluster around mass values between 200 and 230 GeV. Although 
the resonance interpretation is not corroborated by the 1997 data and these 
events are no longer in the center of public attention, it is instructive to 
investigate the impact of QED and QCD radiative effects on the mass values 
reconstructed with the different methods described above, and to reexamine 
the compatibility of the ZEUS and HI data in the light of the resulting 
estimates of mass reconstruction biases. 

As discussed in Sect. 2.2.2, QED and QCD radiation affects the ob- 
served resonance shape and has different consequences for different recon- 
struction methods. The impact of ISR on the kinematic reconstruction has 
been addressed in Sect. 3.3.3; it induces an average difference of about 4% 
between xda and Xe, corresponding to a mass difference of about 4 GeV at 
Mlq = 200 GeV. For the DA method, ZEUS [431] estimated a probability of 
2% to overestimate the x of a given event by more than 5% owing to ISR. 
A direct check of the impact of ISR was performed by Bassler and Bernard! 
from HI, who applied the uj method (see Sect. 3.3.3) to the ZEUS “signal 
events” described in [71] and found an average reduction of M by 10 GeV, 
corresponding to a reduction of the average x by almost 10% [429]. However, 
this result depends strongly on the averaging procedures applied. 

QCD radiation modifies several aspects of the simple QPM-type event 
kinematics that have to be presupposed in order to identify the reconstructed 
value of X with Af^q/s in the case of resonant LQ production. The most im- 
portant of these effects are [269]: (i) owing to initial-state QCD radiation, 
the incoming quark acquires space-like virtuality, Vq, and nonzero transverse 
momentum, pi (see Sect. 2.1.7); (ii) the decay quark of the LQ carries time- 
like virtuality. Mg, corresponding to the invariant mass of the jet evolving 
from the quark. The impact of these effects has been studied by simulating 
in a simplified model the calculation of kinematic variables in events with an 
invariant mass of the initial-state electron-quark system of Mlq = 200 GeV 
and with pi = 3.6 GeV, Vq = 14.3 GeV and Mq = 32 GeV (these numbers 
have been quoted in [269] as the respective expected average values). Nei- 
ther QED radiation nor detector simulation are included. The result, shown 
in Fig. 4.40, indicates that the main effect comes from the virtuality of the 
final-state quark. The M values reconstructed by the e and the DA methods 
differ by typically 10 -15 GeV in the y region of interest, they increase with 
y, and in addition a nonnegligible spread is caused by averaging over the 
dependence of M on the azimuthal degree of freedom induced by nonzero pi . 
For the electron-jet method (4.9), the bias is smaller, depends only weakly 
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Fig. 4.40. Reconstruction of M for production of LQs with mass Mlq = 200 GeV. 
The solid lines indicate the y dependence of M— Mlq for events with an initial-state 
quark carrying transverse momentum pi = 3.6 GeV and space-like virtuality Vq = 
14.3 GeV, and with a time-like virtuality of the LQ decay quark of Mq = 32 GeV 
(numbers taken from [269]). Also shown are the results obtained with pi = 0,Vq = 0 
and Mq = 32 GeV {dashed lines). The shaded areas show the R.M.S. variation of 
M obtained by averaging over the azimuthal degree of freedom induced by nonzero 
p1- The curves belonging to the light shaded areas are for the mass reconstruction 
in the NC channel, i.e. for the DA method (top) and the e method (bottom). Also 
shown is the result obtained for the invariant electron-jet mass, Mej (4.9); the 
azimuthal dependence of Mej is negligible. The dark shaded area shows the mass 
reconstruction bias in the GC channel (Jacquet-Blondel method). QED radiation, 
experimental resolutions and detector acceptances are not taken into account 




on y and has no azimuthal dependence. The constrained jet reconstruction 
(4.10) yields a bias of less than 1 GeV in the whole y range and no azimuthal 
dependence (not shown). The and Mej curves in Fig. 4.40 can be com- 
pared with Fig. 4.35a and with the average resolution quoted in the previous 
subsection. In general, the tendencies of radiation-induced resolution bi- 
ases roughly agree between [7G, 84] and our simple model, confirming that 

Note that we compare quantities derived from average sizes of QCD effects 
(Fig. 4.40) with results of truncated Gaussian fits to the resolution functions 
as quoted in ]76, 84]. 
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the dominant radiative QCD effects are included in the MC simulations. One 
should note, however, that Vq and Mg are broadly distributed (see [269]), 
and that Fig. 4.40 only gives a rough estimate of the average size of the 
impact of QCD effects on the kinematic reconstruction of LQ events. 

For the Jacquet-Blondel method, i.e. in the CC channel, the reconstruc- 
tion bias is negative and increases with rising y. However, in this case the 
experimental uncertainties related to the hadronic energy measurement ex- 
ceed the QCD effects by far (see Fig. 4.35b). 

Having discussed the mass reconstruction biases, we return to the ques- 
tion whether the ZEUS and HI data are compatible with a single narrow 
resonance. As can be seen from Figs. 4.7 and 4.8 and also from Table 4.2, the 
excess events occur at different x in both experiments: in ZEUS, the most 
significant excess is observed for xda ^ 0.55 (implying Mda ^ 223 GeV), 
whereas the HI events cluster around Xe = 0.44-0.47 (equivalent to a mass 
Me = 200 -205 GeV). The corresponding x difference can be compared with 
the experimental resolutions of better than 10% (see Table 3.7), and it has 
been argued [446] on the basis of these numbers that the ZEUS and HI events 
are no more compatible with each other than with the SM. However, several 
additional aspects have to be taken into account to reach a sound conclusion: 

• The SM expectation in the “signal region” is above unity for both experi- 
ments, and even if a resonance signal was present it would be contaminated 
with SM background and, depending on the production mechanism, possi- 
bly also with nonresonant SM x LQ interference contributions. The mean 
and R.M.S. of the M values of the signal events can thus not be taken 
as estimates of a hypothetical resonance mass and of the experimental 
resolution. 

• QED and QCD radiative effects would induce an observed mass difference 
of roughly 10 -20 GeV, depending on the y range of the events and on the 
interplay of QED and QCD corrections (which has not been studied here) . 

• The latest HI search for production of eq resonances [84] finds the strongest 
indication for such a resonance (i.e. the weakest exclusion limits) for an LQ 
mass of about 210 GeV (see next subsection), 5% above the average mass 
quoted originally [72]. HI assigns 6 GeV of the 10 GeV average shift to 
the new electron energy calibration and 4 GeV to the difference between 
Me and Mlq [433]. The latter number roughly agrees with the Me shift 
indicated in Fig. 4.40 for the relevant y range. 

Combining the above-described effects (which all tend to reduce the appar- 
ent discrepancy between the average M values of the ZEUS and HI “event 
clusters”), it seems premature to exclude the possibility that these data ac- 
tually contain events coming from a single narrow resonance. However, this 
statement only refers to the properties of the ZEUS and HI events and ad- 
dresses neither the question whether the data actually bear indications of LQ 
production nor whether such an interpretation could be reconciled with the 
stringent Tevatron exclusion limits (see Sect. 2.2.2). 
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Limits on Cross Sections and Couplings 

Although the HERA data discussed in the previous subsections exhibit some 
features which are reminiscent of resonance production, the properties of the 
data do not add up to convincing evidence for such a process. ZEUS and HI 
therefore set upper limits on the cross section for resonant production of LQs 
decaying subsequently into eq or vq' (the limits are thus on <tlq/3, where f3 is 
the appropriate LQ branching ratio) . In these analyses it is presupposed that 
the LQs behave according to the models discussed in Sect. 2.2.2 and that 
not more than one species at a time contributes to the ep cross section. For 
a given value of Mlq, the limits are derived from the numbers of observed 
and expected events in the associated search window, assuming Poissonian 
statistics. The 95% C.L. ZEUS limits [76] are reproduced in Fig. 4.41 as a 
typical example; similar results are obtained by HI [84] (not shown). Note 
that these limits are independent of the quark flavors to which the LQ is 
assumed to couple, except at the highest Mlq, where production from sea 
quarks would necessitate a coupling too large for the NWA to be valid. No 
prominent structure is present in the ZEUS limit curves for Mlq > 200 GeV. 
In this region, production cross sections larger than 0.3 pb (0.6 pb) are ex- 
cluded for scalar (vector) LQs. The “excess cross section” of 0.4 pb observed 
in the 1994-96 data (see Sects. 2.2.2 and 4.1.1) is thus meanwhile beyond the 
exclusion limit, at least for the scalar scenario. 

Upper limits for the Yukawa couplings. A, are derived from the LQ cross 
section limits for the 1994-97 e+p data sets, taking into account an increase 
of the LO cross sections by 0(20-50%) due to QCD corrections of 0{as) 
[251, 266]. The 95% C.L. exclusion curves obtained by ZEUS and HI for the 




Fig. 4.41. Upper limits of 
the cross section for resonant 
LQ production with subse- 
quent LQ decay to eq (ZEUS 
1994-97 e'^p data). The light 
{dark) shaded areas are ex- 
cluded at 95% C.L. for scalar 
(vector) LQs. The plot has 
been reproduced from [ 1 u] 
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LQs with F = 0 listed in Table 2.3 are shown as functions of Mlq in Figs. 4.42 
and 4.43, respectively. All limits are for LQs which couple to u or d quarks, i.e. 
can be produced from valence quarks in e+p scattering. The results of ZEUS 
and HI are very similar for Mlq < 280 GeV, whereas HI gains additional 
sensitivity at higher masses from including the SM x LQ interference and 
also the u-channel terms in the analysis (see above). If e+u or e+d LQs 
exist in the mass range Mlq ;< 230 GeV, their A values cannot exceed a few 
times 10“^; couplings of electromagnetic strength (A = V47ra w 0.3) are 
excluded for masses up to about 270-280 GeV. In Fig. 4.42, the ZEUS limits 
are compared with constraints from the search for LQ pair production in 
pp reactions at the Tevatron, yielding upper limits^® on Mlq which depend 
on Pe but not on A (see Sect. 2.2.2), and from measurements of fermion 
pair production at LEP, where LQs would induce a Gl-type modification of 
the SM cross sections. In contrast to the HERA limits, the Tevatron and 
LEP results are independent of assumptions on the quark flavor to which the 
LQs couple, except that top quarks in the final states are excluded (LEP) 
or strongly phase-space suppressed (Tevatron). It becomes obvious that the 
HERA experiments have a unique discovery window for eu or ed resonance 
production with Mlq > 250 GeV, i.e. close to the HERA kinematic limit. 
This window grows for /3e < 1 or in the case of a possible future increase of 
the HERA center-of-mass energy achieved by higher beam energies [447]. 

The coupling limits presented in Figs. 4.42 and 4.43 are for LQs with F = 0 
which could be produced from the fusion of positrons and valence quarks in 
e+p scattering. As discussed in Sect. 2.2.2, an alternative explanation for 
the HERA high-Q^ events might be an eq resonance with |F| =2 and A = 
0(0.25), which would have to be produced from antiquarks. The 95% G.L. 
limits derived by HI from the e~^p data for such a process [84] are shown in 
Fig. 4.44. These constraints are much weaker than those for F = 0 since the 
corresponding cross sections involve antiquark PDFs, which are strongly sup- 
pressed at high X. Assuming that the LQ signatures at LEP and the Tevatron 
are equal for F = 0 and |Fj = 2, we conclude from Figs. 4.44 and 4.42 that the 
current HERA discovery potential for e+g resonances (i.e. |Fj = 2) is competi- 
tive for masses around 220 GeV and inferior elsewhere. The HERA sensitivity 
in this channel is expected to be approximately the same as for e'^q resonances 
with F = 0 which do not couple to valence quarks, for example stop produc- 
tion according to (2.57); neither ZEUS nor HI have published results for 
such scenarios. For \F\ = 2 LQs coupling to first-generation quarks, however, 
much more stringent constraints than in Fig. 4.44 can be obtained from e~p 
scattering, where such LQs can be produced from valence quarks. The pre- 
liminary results of a resonance search performed by ZEUS in the 1998-99 e~p 
data are shown in Fig. 4.45. These exclusion limits are of similar magnitude 
to those for F = 0 and exclude values of A = 0(0.25) for Mlq < 270 GeV . 

Note that the combined CDF and D0 limit [282] (Mlq > 242 GeV for /3e = 1 at 

95% C.L.) is stronger than that indicated in Fig. 4.42. 



170 4. Results from the ZEUS and HI Experiments 



ZEUS 1994-97 




Fig. 4.42. ZEUS results for the upper limits on the Yukawa couplings, A, of different 
types of (a) scalar and (b) vector LQs with E = 0, as functions of their masses. The 
LQ symbols are those introduced in Table 2. .3, with the chirality of the coupling 
added as a superscript. For LQ-type objects with a branching ratio /3e different 
from the “standard value” deduced from the couplings in Table 2.3, the limits 
can be interpreted in terms of Ay^/?e//3e- The ZEUS results are compared with 
representative limits from LEP [349] and with the A-independent mass limits from 
D0 [281] for different values of /3e (see Sect. 2.2.2). The regions above the ZEUS 
and LEP curves, and left of the D0 bounds, are excluded at 95% C.L. The plots 
have been reproduced from [76] 




Fig. 4.43. HI results for the upper limits on the Yukawa couplings. A, for different 
types of (a) scalar and (b) vector LQs with F — 0, as functions of their masses. 
The LQ symbols are those introduced in Table 2.3, with the chirality of the cou- 
pling added as an additional subscript. The region above the curves is excluded 
at 95% C.L. The interference of the LQ s-channel and the SM amplitudes yields 
sensitivity to high masses, Mlq > -\/s. The plots have been reproduced from [84] 
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Fig. 4.44. HI results for the upper limits on the Yukawa couplings, A, for different 
types of (a) scalar and (b) vector LQs with |F| = 2, as functions of their masses. 
The LQ symbols are those introduced in Table 2. .4, with the chirality of the cou- 
pling added as an additional subscript. The region above the curves is excluded 
at 95% C.L. The interference of the LQ s-channel and the SM amplitudes yields 
sensitivity to high masses, Mlq > y/s. The plots have been reproduced from [84] 



ZEUS 1998-99 Preliminary 





Fig. 4.45. Preliminary ZEUS results for the upper limits on the Yukawa couplings, 
A, for different types of (a) scalar and (b) vector LQs with |F| =2, as functions of 
their masses (1998-99 e~p data). The LQ symbols are those introduced in Table 2.?>, 
with the chirality of the coupling added as a superscript . The dashed horizontal lines 
indicate the electromagnetic coupling strength, A = \/ 47ra . The region above the 
curves is excluded at 95% C.L. The plots have been reproduced from [268] 



From the above, it seems fair to conclude that the LQ interpretation of the 
HERA data can only be reconciled with the experimental constraints from the 
Tevatron and LEP for scalar objects with F = 0 and /3e < 1 None of the LQ 

LQs which do not couple to first-generation quarks also appear to be marginally 
allowed. We will, however, not discuss this possibility here. 
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Fig. 4.46. HI exclusion limits for /3s = BR(LQ — > eg) as functions of Mlq for 
scalar LQs coupling (a) to e"*"ci and (b) to e'^u. The light (dark) shaded regions are 
excluded at 95% C.L. for Yukawa couplings of A = 0.05 (0.1). The bands around 
the limit curves for A = 0.1 indicate the variation due to PDF uncertainties. The 
hatched area represents the region excluded by D0 (cf. Fig. 2.20). The plots have 
been reproduced from [84] 



species in Table 2.3 fulfills these requirements. However, possible candidates 
are i?p- violating squarks, which have /3e < 1 owing to their i?p-conserving 
cascade decays (see next subsection). The exact value of (3^ can vary in a 
broad range, depending on the exact values of the SUSY parameters. HI has 
therefore presented the resonance constraints as exclusion limits at 95% C.L. 
on (3e as a function of Mlq for fixed values of the Yukawa coupling, A = 0.05 
and A = 0.1 (Fig. 4.46). This representation can be directly compared with 
the result of the D0 search for LQ pair production shown in Fig. 2.20. The 
following observations can be made in Fig. 4.46: 
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• The bump in the limit curves around Mlq = 210 GeV indicates the posi- 
tion of the HI event excess. LQs with couplings as large as 0.1 would be 
compatible both with the HI and with the D0 data if they have ( 3 ^ ^ 0.4 . 

• For low values of ( 3 ^ , the HERA limits are more restrictive than those from 
D0. The HERA experiments thus have a unique sensitivity in this region, 
providing in particular a discovery potential for i?p-violating squarks with 
masses below the HERA center-of-mass energy. 



Searches for Other Decay Modes of i?p- Violating Squarks 

In view of the fact that the HERA data allow an interpretation in terms of 
i?p-violating squarks without coming into conflict with existing experimen- 
tal bounds, the search for non-LQ-like decays of such objects gains particular 
priority. Squarks can undergo different cascade decays, leading to a variety of 
final-state topologies. Which of the decay modes are allowed, and occur with 
which branching ratios, depends on the SUSY parameters and on the mass 
hierarchy of supersymmetric particles. Feynman diagrams of the two decay 
modes for which preliminary results have recently been reported by ZEUS 
[78] and HI [85] are shown in Fig. 4.47. In these analyses it was assumed that 
the lightest neutralino, (i.e. the lightest mass eigenstate of the mixed 
neutral gaugino and higgsino states) is the lightest supersymmetric particle. 




Fig. 4.47. Two examples 
of formation and subsequent 
cascade decay of an Rp- 
violating squark in e^q scat- 
tering: (a) q — > with 

a subsequent neutralino de- 
cay ^ eq'q and (b) q 
qX^ q'W^^X^j where the 
neutralino decays as in (a). 
The Rp-violating vertices are 
marked with a filled circle 
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that the gluino is heavier than the squark (so that the decay q qg is pro- 
hibited) and that only one of the (i.e. one flavor combination Ijk, where 
the first index is fixed by the flavor of the initial-state electron) contributes 
significantly. HI adjusted the SUSY parameters M 2 , tan j3 and /i such that 
is either photino- or zino-dominated and has a mass between 40 and 150 GeV 
(see [65, 85] and references therein), whereas ZEUS presupposed that the 
is a pure photino with a mass of 50 -150 GeV and that the squark decays 
predominantly according to the mechanism of Fig. 4.48a. 

The decays in Fig. 4.47 produce, amongst others, final states containing 
three or more jets plus, with equal probability, an electron or positron. The 
SM background mainly comes from NG DIS and from photoproduction events 
in which a part of the hadronic final state is falsely identified as an electron. 
The “wrong-sign” signature, e“-|- jets, is almost background- free. In Fig. 4.48, 
the spectrum of the invariant -I- jets mass spectrum observed in the HI 
search [85] is compared with the SM expectation. Neither HI nor ZEUS And 
a significant excess of events in this or in the e~ + jets channel. This result, 
together with the e -I- jet spectra investigated in the LQ searches, yield mass- 
dependent 95% G.L. upper limits of 0.2- 0.5 pb [78] on the production cross 
section of squarks in SUSY models adhering to the assumptions specified 
above. The corresponding upper limits derived by both collaborations for the 
coupling strengths of squarks resonantly produced in e+it or e+d fusion 
are shown in Figs. 4.49 and 4.50. Taking into account that the branching ratio 
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Fig. 4.48. Search for 
resonant production of Rp- 
violating squarks which sub- 
sequently decay to a positron 
and three or more jets (pre- 
liminary results from HI, 
1994-97 e^p data), (a) Dis- 
tribution of the invariant 
e -I- jets mass {filled cir- 
cles), compared with the SM 
background expectation {his- 
togram). (b) Ratio of mea- 
sured and expected distribu- 
tions; the upper and lower 
curves indicate the total la 
uncertainty of the SM predic- 
tion. The plots have been re- 
produced from [85] 
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HI Preliminary 




Ms<,u=,K<GeV) 

Fig. 4.49. Exclusion limits for the Yukawa couplings of i?p- violating squarks 
as functions of the squark mass (preliminary HI results, 1994-97 e^p data). The 
Wiggly lines represent the HI limits for different masses and mixtures of the lightest 
neutralino (the top line is for a zino-like neutralino with a mass of 40GeV). Also 
indicated are the most stringent limits from low-energy phenomena: from neutri- 
noless double-beta decay [PjSQu) for Ain and from atomic parity violation (APV) 
for Ai 21 S'lid Ai 3 i. The difference between both APV curves reflects the recent im- 
provement of the corresponding measurements [289, 448]. In all cases the region 
above the curves are excluded at 95% C.L. The plot has been reproduced from [85] 




Fig. 4.50. Exclusion lim- 
its for the Yukawa couplings 
Aiji of i?p-violating squarks 
as functions of the squark 
mass, for different masses of 
the lightest neutralino, which 
is assumed to be a pure 
photino (preliminary ZEUS 
results, 1994-97 e+p data). 
In all cases the regions above 
the curves are excluded at 
95% C.L. The plot has been 
reproduced from [78] 
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/3e is below about 0.2 for Mq < 240 GeV [78], these constraints are found to 
be more stringent than those in Figs. 4.42 and 4.43, interpreted in terms of 
No evidence is hence found for squark production in the investigated 
scenario, although, owing to the larger branching ratio, one would expect 
a higher statistical significance of a possible signal in the e + multiple jets 
mode than in the LQ-type decay channel. 

The exclusion limits derived from low-energy measurements indicated in 
Fig. 4.43 demonstrate that is constrained by the nonobservation of neu- 
trinoless double-beta decay [321] far beyond the reach of the HERA exper- 
iments, whereas the HERA sensitivity to A 221 Aj^gj^ is similar to that 
of atomic parity violation measurements, which in turn yield the strongest 
low-energy limits. However, future HERA results can be expected to gain ad- 
ditional significance by exploiting all possible search channels. For example, 
the studies can be extended to signatures caused by the alternative neutralino 
decay ^ which were already investigated in an HI analysis of the 
1994 data [65], or to leptonic decays of the W in Fig. 4.47b. In addition, a 
complete scan of the parameter space of i?p-violating SUSY has to replace 
the specific assumptions under which the current analyses have been per- 
formed in order to cover all possible squark scenarios with their respective 
decay channels and branching ratios. 

For the particular case of a stop squark produced according to (2.56), 
the decay t — > tx^ is kinematically prohibited for most of the HERA mass 
range owing to the large top mass. In this case, the HI analysis would still be 
sensitive to the gauge decay i — > 6%+. However, if this decay was suppressed 
because the was too heavy and in addition the sbottom was lighter than 
the stop squark, the e -I- multiple jets signature would not occur and instead 
the decay t bW^ might have a substantial branching ratio [310, 311]. One 
of the experimental signatures for this channel would be the topology 
caused by the secondary decays h ^ dv (i?p- violating, via Aggg) and W Iv. 

Actually, HI has observed six events (five with £ = /i^, one with 

an electron) in the 1994-97 e+p data [88], where 0.8 ± 0.2 (2.4 ± 0.5) events 
from SM processes are expected for the muon (electron) channel. An event 
display of one of the muon events is shown in Fig. 4.51. In Fig. 4.52, the 
kinematic properties of these events are compared with simulations of the 
production and subsequent leptonic decay of W bosons and of reactions of 
the type ep ^ fi~ X (Bethc-Heitler muon pair production), which are the 

dominant sources of topologies in the SM. At least two of the HI events 
(labeled pi and p2) have larger hadronic transverse momentum and a lower 
value of the transverse lepton-neutrino mass, 

A/f = ^(|pmiss| + |p^|)2_(p^iss + pQ2 ^ 

than expected for SM processes (P™'®® and Pf are the vectors of the trans- 
verse missing and lepton momenta, respectively) . The exceptionality of these 
events may be illustrated by the fact that already the observation of the 
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Fig. 4.51. One of the events 
with topology observed 
by HI. The isolated track 
pointing downwards is iden- 
tihed as muon with positive 
charge and a transverse mo- 
mentum of p% = 28GeV; the 
jet in the upper hemisphere 
has a transverse momentum 
of = 68 GeV. The miss- 
ing Pt amounts to 43 GeV. 
The figure has been repro- 
duced from [88] 
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Fig. 4.52. Distribution of the HI events with topology in the plane of hadronic 
transverse momentum, P-^ , vs. neutrino-lepton transverse mass, M^''; (a) for £ = e 
and (b) for £ = fj,. The crosses indicate the position and la uncertainties of the 
observed events; the dots {open circles) represent the expected distributions for 
W production (Bethe-Heitler muon pair production). The latter two reactions are 
taken from simulations corresponding to the 500-fold integrated luminosity of the 
data. The plots have been reproduced from [88] 



first muon event (/rl) in 1994 [ 149] had triggered a lot of discussion. How- 
ever, although it may seem that the events support the hypothesis of 
i?p-violating squark production at HERA, there are two facts that contra- 
dict this interpretation: (i) the rate of such events observed by ZEUS does 
not exceed the SM expectation [83]; (ii) a search for the i bW^ decay 



178 4. Results from the ZEUS and HI Experiments 

in the channel bW~^ dvq'q in the HI data did not yield evidence for an 
anomalous rate of such reactions, restricting the expected number of events 
with a {W v^) + jet final state to below 0.36 at 95% C.L. for the specific 
case of Mj: = 200 GeV and = 100 GeV [450, 451]. The latter observation 
generally disfavors explanations of the events involving a W decay as 
the source of the lepton. This applies in particular to the decay t hW of 

top quarks, which might be singly produced in GG reactions, e^h vt, or 

in quark-flavor-changing neutral currents, ec ^ et, as speculated in [152].^^^ 
In summary we conclude that no convincing evidence has been found 
at HERA for the production of i?p- violating squarks. Although there are 
observations which intriguingly point into this direction, like the resonance- 
like pattern of the HI (and, to some degree, also ZEUS) high-Q^ data or the 
HI events with topology, these pieces of evidence are not corroborated 
by further investigations and do not form a consistent picture. 



4.4.2 Contact Interactions 

The search for contact interactions (GIs) at HERA is based on the compar- 
ison of measured cross sections or event distributions with the predictions 
derived from the (DIS -I- GI) cross section obtained by using (2.60). The main 
information is contained in the dependence of dcr/dQ^, which is directly 
affected by the terms of 0(Q^/A^). The cross section modification induced by 
a GI becomes most prominent at high (see Fig. 2.23), where, however, the 
statistical precision of the data is lowest. As a consequence, GI analyses are 
most sensitive if they use the full spectrum above a few hundred GeV^. 
GI searches are usually performed by fitting the simulated expectation for a 
given GI scenario to the observed data, and by determining the most likely 
value of 1 / and its confidence interval from the or likelihood returned 
by the fit. 

In 1997, when the HERA experiments reported the high-Q^ excess and 
GIs were conjectured as a possible explanation [227, 265, 329]-[335], initial GI 
exclusion limits had already been published by HI ([61], using the e^p data 
collected until 1994) and by ZEUS ([57], 1993-95 e^p data). Both collabora- 
tions had investigated purely chiral GI scenarios coupling to u or d quarks, i.e. 
those for which the in Table 2.4 are nonzero for only one combination of 
m and n. No indication for the existence of such GIs had been found, and cor- 
responding 95% G.L. lower limits on A of typically l-2TeV had been placed 
by both collaborations. Despite the fact that these GIs are parity-violating 
and that the resulting limits are much weaker than those from atomic par- 
ity violation, they indicate the sensitivity of the analyses and in particular 
demonstrate that the early data would not have permitted the detection of 

These reactions would require the presence of an intrinsic bottom or charm 
component, respectively, of the proton to occur with rates detectable at HERA 
(see Sect. 2.2.1). 
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CIs with effective mass scales of 0(3“4TeV), as suggested as explanations 
for the HERA high-Q^ excess (see Sect. 2.2.2). 

Meanwhile, Cl results based on the full set of 1994-97 e^p data are avail- 
able from ZEUS [79] and HI [86]. In the following, we will discuss the ZEUS 
analysis in some detail to illustrate the methods and statistical issues relevant 
for Cl studies at HERA. 

The analysis method pursued by ZEUS is based on a comparison of the 
distribution of “measured” MC-simulated quantities with the corresponding 
experimental data, i.e. it involves neither unfolding nor acceptance correc- 
tions. This approach automatically takes correctly into account the correla- 
tions between the hypothesized cross section modifications and the pattern 
of event migrations. The CIs are included in the simulation by applying to 
each MC event a weight 



d^crsM+ci / d^trsM 
dxdQ'^ / dxdQ"^ 



(4.12) 



evaluated at the true kinematic variables characterizing the hard subpro- 
cess. The cross sections in (4.12) are calculated in LLA; higher-order loop 
corrections to the numerator are undefined since CIs are a nonrenormalizable 
effective theory (see Sect. 2.2.2). It is expected that the dominant radiative 
corrections, i.e. those involving radiation of one or more real photons, mostly 
cancel in the cross section ratio. 

The most likely value of A is determined for each Cl scenario using an un- 
binned log-likelihood technique. The log-likelihood function, L, is calculated 
from the event distribution in x and y (which contains the full experimental 
information on the doubly differential cross section) : 



L{t/A^) = - ^ \a.p^{xi,yp, e/A^) , (4.13) 

i 



where the sum runs over all selected events inside the kinematic region in- 
side the bounds > 500 GeV^ and 0.04 < x,y < 0.95. The value of the 
probability density p{x,y; e/A^) is determined for each observed event from 
the local density of MC events around its reconstructed {x, y) position. The 
(x, y) integral over p{x, y; e/A^) is normalized to unity for each value of e/A^, 
whereby the experimental information contained in the total number of ob- 
served events is discarded and L is determined from the shape of the ex- 
perimental (x,y) distribution alone. This procedure is justified a posteriori 
by the fact that the modification of the total number of expected events in 
the kinematic region under study which is induced by a Cl with a strength 
corresponding to the 95% exclusion limit is typically below the systematic 

and x are calculated from the propagator four-momentum q according to 
(1.2) and (l.o), and the electron beam energy entering the calculation of y is 
reduced by if a photon with this energy is radiated in a narrow cone around 
the e beam direction. 
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Fig. 4.53. Log-likelihood functions for (a) the VV and (b) the AA Cl scenarios (see 
Table 2.4), obtained by ZEUS in the unbinned analysis of the {x,y) distribution 
{solid lines) and by the binned analysis of the Qua distribution {dashed lines). 
Both methods use different statistical approaches and differ in the treatment of 
systematic effects. In each figure, the regions given by e = -|-1 and e = —1 represent 
two different Cl scenarios. The SM expectation, e/A^ = 0, is indicated by the 
vertical lines. The plots have been reproduced from [79] 



uncertainty of the luminosity measurement. As a cross-check of the unbinned 
analysis, a second independent log-likelihood function is calculated from the 
observed and expected event numbers in intervals of Qdaj assuming that the 
probability in each interval is given by Poissonian statistics. This method 
makes use of the normalization information.^^ The results of both methods 
are generally in good agreement, as demonstrated by the example shown in 
Fig. 4.53. However, for a few scenarios, such as X2“ and also VV“, the log- 
likelihood function resulting from the (x, t/)-based analysis rises faster with 
1 /A^ (and therefore yields stronger exclusion limits on A) than that resulting 
from the analysis of the Q^a distribution. This observation is understood to 
reflect the fact that more input information is available to the (x,j/) fit. 

Note that the likelihood curves in Fig. 4.53 extend from negative to posi- 
tive values of e/A^, although different e correspond to different physics mod- 
els. The most likely values of e/A^, e/Ag, and the corresponding 95% C.L. 
confidence intervals defining the lower limits on A are therefore determined 

In this second method, systematic uncertainties such as that of the luminosity 
measurement are taken into account by including Gaussian errors of their ampli- 
tudes into the likelihood function, which is then minimized with respect to these 
amplitudes for each value of e/A^. No systematic effects are taken into account 
in the unbinned analysis at this stage. 



4.4 Searches for New Physics 181 



separately for the positive and negative regions oi ej (referred to as “hemi- 
spheres” in the following). Whereas e/ylg is simply taken as the position of 
the absolute minimum of L in the respective hemisphere, the A limits can- 
not directly be inferred from the likelihood functions since the two-minimum 
structure occurring for some Cl scenarios (see Fig. 4.53b) prohibits the in- 
terpretation of L in terms of a probability density. ZEUS instead uses Monte 
Carlo experiments (MCEs), i.e. samples of MC events corresponding to the 
data luminosity in which CIs are simulated by reweighting the events accord- 
ing to (4.12). For each MCE, the log-likelihood analysis is performed as a 
function of the assumed “true” value of A, 2ltrue, for each of the Cl scenarios 
under study. The lower limit of A at 95% C.L. for a given Cl scenario is 
determined as the value of %true at which 95% of the MCEs produce most 
likely values of |e/yl^| larger than that found in the data. This technique is 
also used to take into account systematic effects by including appropriately 
modified MCEs in the limit-setting procedure. 

The Cl analysis by HI [86] uses the measured differential cross section 
dcr/dQ^ as input. A function, x^(e/A^), is determined from the com- 
parison of measured and expected cross section values for each Cl scenario. 
Uncorrelated and correlated systematic uncertainties (see Sect. 4.1.2) are 
taken into account appropriately in the calculation of x^- In deriving exclu- 
sion limits from x^(e/A^), HI pursues a different approach from ZEUS: both e 
hemispheres of a pair of Cl scenarios are interpreted simultaneously by deter- 
mining one global minimum, e/A^, and assigning to it a two-sided confidence 
interval corresponding to 95% C.L. (one-sigma, two-sigma) significances by 
solving the equation x^(e/yl^) — x^{e/ A^) = 3.84 (1, 4) for the respective val- 
ues of e/A^. Note that the interpretation of these confidence intervals in terms 
of A limits must be performed with care if c/Aq deviates significantly from 
zero, i.e. if x^(0) ~ ^ 1- Th® HI analysis was performed with the 

CTEQ5D PDFs [139] and cross-checked with the MRST [141] and GRV94 
[117] sets. The values of e/Aq obtained with the different PDFs differ by less 
than 20% of the corresponding one-sigma confidence intervals. The quoted 
Cl exclusion limits are the weakest resulting from any of these PDF sets. 

The most likely values of e/A^ and the Cl limits obtained in the ZEUS 
and HI analyses are indicated in Figs. 4.54 and 4.55, respectively. In order 
to illustrate the experimental sensitivity, the modifications of the NC DIS 
data which would be expected in presence of VV CIs with a strength cor- 
responding to the 95% C.L. exclusion limits are shown in Fig. 4.56 (ZEUS) 
and Fig. 4.57 (HI). In the cases where e/Aq ^ 0, ZEUS has applied the MCE 
technique to estimate the probability, psM, that a statistical fluctuation in 
an experiment with the SM cross section would produce a value of |e/Ag| 
larger than that found in the data. For all Cl scenarios in Fig. 4.54, psM is 
found to exceed 15%, indicating that no deviation from the SM expectation 
is present in the ZEUS data which carries significant evidence for CIs. The 
same conclusion can be reached for the HI data from the fact that the SM 
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Fig. 4.54. Cl exclusion limits from the ZEUS analysis (1994-97 e^p data). The 
Cl scenarios are defined in Table 2.4. The horizontal bars indicate the 95% C.L. 
confidence intervals on tj the filled (open) circles show the values of e/Ao for 
e = +1 (e = —1). The lower limits on A are indicated at the margins. The figure 
has been reproduced from [79] 
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Fig. 4.55. Cl limits from the HI analysis (1994-97 e"*"p data). The thick horizontal 
bars represent the 95% C.L. confidence intervals of e/A^ including PDF uncertain- 
ties; the horizontal error bars indicate the one- and two-sigma confidence intervals 
around e/Ao {filled circles) obtained using the CTEQ5D PDF set. The Cl scenarios 
LL -I- RR and LR -I- RL correspond to X3 and X4, respectively, in the notation of 
this book. The lower limits on A are indicated at the margins. The figure has been 
reproduced from [86] 
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Fig. 4.56. Sensitivity of (a) the and (b) the x distributions to CIs of the VV 
type (ZEUS results, 1994-97 e”'"p data). The filled circles show the ratio of the ob- 
served distributions to the SM predictions, with the error bars indicating statistical 
uncertainties only. The full (dotted) lines represent the expected modifications due 
to CIs with a strength corresponding to the 95% C.L. exclusion limits for e = -fl 
(e = —1) (see Table 4.6). Note that the underlying binned distribution is used for 
presentational purposes only. The plots have been reproduced from [79] 




Fig. 4.57. Sensitivity of 
da/dQ^ to CIs of the VV 
type (HI results, 1994-97 e+p 
data). The filled circles show 
the ratio of the measured cross 
sections to the SM predictions, 
with the error bars indicating 
statistical and uncorrelated sys- 
tematic uncertainties combined 
in quadrature. The full line 
(dashed line) represents the 
expected modifications due to 
CIs with a strength correspond- 
ing to the 95% C.L. exclusion 
limits for e = —1 (e = -|-1) (see 
Table 4.6). The plot has been 
reproduced from [86] 



expectation, ej A? = 0, is inside the two-sigma confidence intervals for all CIs 
under study. In particular. Cl scenarios like VV with A = 3-4TeV, which 
have been suggested as explanations of the HERA high-Q^ excess events (see 
Sect. 2.2.2), are not compatible with the results of both experiments. 
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Table 4.5. Lower limits at 95% C.L. on the ratio Mlq/A derived for high-mass 
LQs in a Cl-type analysis (HI results, 1994-97 e"*"p data). The LQ names and 
quantum numbers correspond to those listed in Table 2.3. The chiralities of the LQ 
couplings to e and q and their relative strengths are specified by m, n = L, R and 
respectively (see text). The table has been reproduced from [86] 
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A direct interpretation of Cl limits in terms of high-mass LQ phenomenol- 
ogy, i.e. for LQs with masses exceeding the HERA center-of-mass energy, has 
been reported by HI [86]. For e+p scattering, each of the LQs listed in Ta- 
ble 2.3 would contribute to the cross section, predominantly via coupling to 
the valence quarks in s-channel processes for F = 0 and in the it-channel for 
\F\=2 . The effective Cl mass scale and interference sign are related to the 
LQ parameters via 

^Vmn ^ ^ 

The chirality indices m,n = L, R as well as the sign e and the coefficients 
are fixed by the LQ quantum numbers. They are listed in Table 4.5, 
together with the 95% C.L. lower limits on Mlq/A inferred by HI from 
the Cl analysis under the assumption that the cross section only receives 
contributions from one LQ type, and that different charge states of a given 
LQ type are mass-degenerate. Note that all CIs in Table 4.5 are parity- 
violating, i.e. would contribute to the weak nucleon charge in (2.63) and 
are therefore severely constrained by atomic parity violation experiments; an 
LQ with Mlq/A = ITeV would e.g. induce a modification of the weak 
charge of = 5.7, almost 10 standard deviations above the experimental 

measurement (2.64). Nevertheless, the HI results in Table 4.5 indicate the 
HERA sensitivity to LQs in the region of parameter space where M^q s 
and A is sufficiently small to render higher-order corrections small. 

Finally, Table 4.6 presents a comparison of the ZEUS and HI A limits 
shown in Figs. 4.54 and 4.55 with recent results obtained by the LEP exper- 
iments ALEPH [347], DELPHI [348], L3 [349] and OPAL [351] (from cross 
section measurements of fermion pair production in e“'"e“ collisions) and by 
the Tevatron experiments CDF [343] and D0 [341] (from measurements of 
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Table 4.6. Lower 95% C.L. exclusion limits on the effective Cl mass scales (in TeV) 
reported by the experiments at HERA {ep DIS), at the Tevatron (Drell-Yan e^e“ 
production in pp collisions) and at LEP (fermion pair production in e”'"e collisions) 
for the scenarios defined in Table 2.4. The HERA and Tevatron experiments are 
mainly sensitive to CIs coupling to u and d quarks, whereas the LEP results (except 
those from DELPHI and for U3 and U4) assume flavor-symmetric CIs 
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^ Results are (partly) preliminary. 

^ Results are for CIs coupling to u / {d or s) quarks and have been scaled by \/2 
to compensate for the value of pmn = 1/2 used by DELPHI 
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the DrelUYan electron pair production cross section in pp reactions). With 
the few exceptions that are explicitly stated, all limits in this table are for 
CIs which couple equally strongly to all quark flavors. The relative sensitivity 
to different Cl scenarios depends on the SM x Cl interference sign, which is 
opposite in scattering on the one hand from that in e“'"e“ and pp scat- 
tering on the other. The consistency of the LEP, Tevatron and HERA limits 
with respect to the sign convention used has not been verified in producing 
Table 4.6; the assignment of the limits to e has been adopted from the original 
papers. 

For most of the Cl types, the HERA limits are of similar magnitude to the 
corresponding results from LEP and the Tevatron, although a few of the LEP 
limits (in particular those from ALEPH [347]) are significantly stronger than 
the results from HERA. It should be noted, however, that this is only true 
for flavor-symmetric CIs. Limits for CIs which couple only to first-generation 
quarks would differ only by a small amount from those reported here for ep 
or pp scattering, but would be significantly weaker in the case of LEP (e.g. 
the results reported by OPAL [351] for CIs coupling only to u and d quarks). 

In the future, enhanced sensitivity to CIs can be expected at HERA ow- 
ing to increased data samples, to the complementary information contained 
in high-statistics e~ p data sets and to the availability of longitudinal e po- 
larization. A detailed study of the corresponding future discovery potential 
can be found in [353]. 



5. Outlook 



We have now investigated the phenomenology of high-Q^ NC and CC ep re- 
actions at HERA in quite some detail. We have seen how both the strong 
and the electroweak sectors of the standard model (SM) come into play when 
deriving precise predictions for the cross sections in this kinematic regime, 
and how hypothesized phenomena beyond the SM could modify these predic- 
tions. In the last sections we have confronted the SM predictions and various 
theoretical scenarios beyond the SM with the experimental data. The pre- 
cision with which these theoretical conjectures can be tested has increased 
in an impressive way since HERA came into operation, and a lot has been 
learned since that time. In general, we can draw one central conclusion: the 
SM predictions and the basic concepts of describing deep inelastic scattering 
(DIS) hold in the HERA kinematic region, at least to the level of accuracy 
achieved with the existing data. 

Yet, many questions still await conclusive answers. Are the few peculiar 
deviations of the HERA data from the SM predictions just statistical fluc- 
tuations, or are they the first signs of new physics phenomena, and - if so - 
of what nature are they? Are the standard assumptions used for the QCD- 
based parameterizations of parton distribution functions (PDFs) correct, or 
are modifications required at high x? To what extent can the HERA experi- 
ments contribute to the spectrum of high-precision measurements of the elec- 
troweak SM ingredients? Will the measurements in the perturbative regime 
of QCD help us to understand better the transition region to low Q^, where 
pQCD methods are inapplicable? Trying to predict the developments of the 
forthcoming years in the exciting held of ep physics is of course difficult and, 
concerning the results, almost impossible. Nevertheless, some contours of the 
future of particle physics in general and HERA operation in particular are 
already discernible, and we want to summarize them briefly in the following. 
A detailed account of the physics potential of HERA is given in [43]. 

The data discussed in this report have mainly been recorded in the years 
1994-97. Since then, the proton beam energy has been raised to 920 GeV 
(corresponding to a 6% increase of the ep center-of-mass energy), and the 
HERA vacuum system has been improved significantly, allowing the collider 
to run efficiently with electrons as well as positrons. Roughly 15pb“^ of e~p 
data have been delivered to both ZEUS and HI in 1998-99, of which a few 
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initial, preliminary results have been shown. Since May 1999, another period 
of e+p data taking has been in progress, scheduled to last until September 
2000. All in all, substantially increased e“*"p data sets and about 15pb“^ of 
e~p data per experiment will be available by the end of 2000 for precise 
combined e~p and e^p analyses. These studies will increase the accuracy 
of the current measurements and in addition allow us to disentangle the 
structure functions Ti and T-i for NC and CC scattering, which in turn will 
constitute an important input for future PDF fits and QCD analyses. We can 
thus hope that the new data will contribute significantly to our understanding 
of the PDFs and in particular may shed light on the high- a; behavior of the 
u- and d-quark distributions. In addition, the searches for anomalies in these 
data will help to investigate the origin of some interesting (some may say, 
intriguing or exciting) findings described in this book. They will explore new 
regions of the parameter space for various hypothesized phenomena beyond 
the SM and will in particular profit from the complementary sensitivity of 
the e^p and e~ p data to many of these scenarios. The running period in 
2000 will be the last one in the first phase of HERA operation. It is hoped 
that a refined understanding of high-Q^ DIS at HERA will emerge from 
these data and serve as the solid fundament needed for the interpretation 
of the high-statistics and high-precision measurements of ep scattering with 
longitudinally polarized e beams expected from the second HERA phase. 

For this second phase of HERA operation (HERA2000), a major upgrade 
of the accelerator complex is foreseen. In a nine-month shutdown after the 

2000 data-taking period, the ZEUS and HI interaction zones will be rebuilt, 
and the spin rotators needed to provide longitudinal electron polarization to 
both experiments will be installed. The goal is to increase the instantaneous 
luminosity in the HERA2000 phase by a factor of about five and to allow 
each experiment to collect a total of 1000 pb“^ of ep data with longitudinally 
polarized and e~ beams until about 2005. This would correspond to an 
increase of the event samples by an order of magnitude and an associated 
gain of precision, which reflects not only the increase of statistical accuracy 
but also the detailed control of systematic effects which will become possible 
with these large data sets. 

Both collider experiments will undergo major modifications before resum- 
ing data taking in 2001. In order to achieve the luminosity increase, magnets 
will have to be introduced into the central detector volumes close to the beam 
pipe, causing acceptance losses in the forward and backward directions. On 
the other hand, ZEUS plans to improve the tracking-measurement precision 
and acceptance by the installation of a silicon microvertex detector (MVD) 
and of a new forward straw tube tracking detector (STT) which will replace 
the TRDs. Both detector components are scheduled to be operational from 

2001 onwards. The data-taking conditions will be substantially different in 
the HERA2000 phase owing to the high reaction rates; it will in particular not 
be possible to trigger on processes with high cross sections. Consequently, it 
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is planned to concentrate on investigations of rare reaction classes, for which 
the results after the first HERA phase are still statistics-limited. Typically, 
such processes have high transverse momenta and little relevant particle flow 
in the forward and backward directions, where the acceptance will be re- 
stricted by the magnets. High-Q^ DIS will be one of the central issues, and 
the longitudinal e polarization will open additional degrees of freedom for 
extracting SM parameters and searching for new phenomena. In the case of 
finding evidence for physics beyond the SM, the e polarization will be ex- 
tremely helpful for distinguishing different phenomenological scenarios, e.g. 
by giving direct access to the chirality of the couplings involved. 

We have seen that many hypothesized scenarios of new physics in ep scat- 
tering imply observable signatures also in other reactions, and that a coherent 
picture only arises from the complete set of all experimental data. We there- 
fore want to complement the outlook for the forthcoming years of ep physics 
at HERA by a glance at the projected future of e“'"e“ and p"p experiments. 
At the Tevatron, a new main injector is currently being installed, and both 
experiments (CDF and D0) will undergo major upgrades. From 2001 on- 
wards, they will take high-quality pp data at large rates. Within a few years 
from 2001, data samples corresponding to integrated luminosities of several 
inverse femtobarns are expected to be available, extending significantly the 
sensitivity and kinematic range of the Tevatron physics program. After 2005, 
the pp collider LHC at CERN will deliver the first data at a center-of-mass 
energy of 14TeV, which will access an unexplored, new kinematic region of 
parton-parton reactions. In the e+e” sector, LEP will terminate its success- 
ful operation in September 2000, delivering data at the record center-of-mass 
energy of presumably 206 GeV until then. Thereafter, e+e” scattering at high 
energies will have a break. Its future depends on the decision as to which of the 
options for linear e+e” colliders at center-of-mass energies of 0(0.5 -ITeV) 
will be realized. Intense technological research and development programs 
are under way for several such projects, e.g. at DESY for the TESLA col- 
lider. The TESLA technical design report is expected to be completed by 
the beginning of 2001. In addition to the e+e" mode, TESLA might also 
be operated in combination with HERA to provide ep collisions at a center- 
of-mass energy of roughly ITeV. A similar option for the CERN LEP/LHC 
ring, which has been discussed previously, appears unrealistic today since the 
LEP accelerator will be dismantled before the installation of the LHC. 

Different ideas exist on possible particle accelerators in the even more dis- 
tant future, amongst them multi- TeV e+e“ colliders, pp or pp synchrotrons of 
even higher energies and luminosities than LHC, and also muon accelerators, 
including the use of the high-intensity neutrino beams they produce. Also, 
it might become feasible to an increasing extent to exploit measurements of 
cosmic particle fluxes and reactions for extracting particle physics results. We 
will conclude the outlook with this wide spectrum of possible future activities 
before completely getting lost in speculations . . . 



6. Summary 



The electron-proton collider HERA at DESY in Hamburg has opened a new 
chapter in the exploration of deep inelastic lepton-nucleon scattering (DIS) 
and continues the success story of this field of particle physics, which had 
before paved the way for our current understanding of the interplay of the 
fundamental forces in the standard model (SM) and of the structure of the 
nucleon. 

By the end of 1996, the two multipurpose ep experiments ZEUS and HI at 
HERA had collected a total of more than 35 pb“^ of e+p data and small sam- 
ples of e~p data. These data allowed for the first time statistically significant 
investigations of both neutral-current (NC, ep — *■ eX) and charged-current 
(CC, ep vX) DIS at very high momentum transfers, > 1000 GeV^. 
New kinematic regions, where the DIS cross sections are in the subpicobarn 
regime, became accessible to exploration, thus opening the door to a wide 
spectrum of possible new findings and discoveries. A lot of excitement was 
triggered when both experiments reported an excess of NC events over the 
SM prediction at > 15 000 GeV^ and at high values of the Bjorken scaling 
variable, x > 0.4. The evidence for these claims was based on a few instances 
of ep reactions and the comparison of their rate with the corresponding expec- 
tations, which are determined by extrapolating lower-energy measurements 
into the HERA regime of kinematics by using the SM concepts. 

Meanwhile both experiments have analyzed e+p data corresponding to a 
total luminosity of more than 80pb“^. The data taken in 1997 neither con- 
firm nor exclude the existence of a high-Q^ NC anomaly. Slight excesses in 
high-Q^ charged-current scattering are intriguing but not conclusive and can 
be explained within the SM framework, e.g. by a deviation of parton dis- 
tributions at high X from the standard parameterizations. Nevertheless, the 
original observation of a discrepancy between data and theoretical expec- 
tation has initiated a lot of ongoing activity. The experiments substantially 
improved their understanding of systematic uncertainties and investigated bi- 
ases introduced by the specific analysis procedures applied. On the theoretical 
side, the sources of uncertainty for the high-Q^ cross section prediction were 
studied in detail, many suggestions were made as to which as yet neglected 
effects might modify the SM prediction and various scenarios of phenomena 
beyond the SM were related to the HERA excess events. 
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What we have summarily called the SM prediction above is in fact a com- 
plex interplay of experimeirtal measuremeirts, the electroweak sector of the 
SM and perturbative applications of QCD (pQCD). Our coirtemporary under- 
standing of deep inelastic lepton-nucleon scattering is based on the concept 
that it proceeds via a hard subprocess (eg — > eg scattering in the simplest 
case) described by matrix elements involving the electroweak part of the SM 
Lagrangian, and that the flux of quarks is given by process-independent par- 
ton distribution functions (PDFs). The x dependence of the PDFs includes 
all iroirperturbative aspects of QCD dynamics inside the irucleoir, while their 

depeirdeirce follows from the DGLAP evolutioir equations, which result 
from pQCD. 

The usual procedure to evaluate DIS cross sections is to suitably parame- 
terize the PDFs as fuirctions of x, perform the QCD evolutioir, calculate the 
predictions for the experimentally observed quantities and determine itera- 
tively the PDF parameters by y^-minimizing the difference between predic- 
tions and measurements. Uncertainties of the resulting cross section expec- 
tations for the HERA high-Q^ regime come from various sources, such as the 
statistical and systematic errors of the experimental input data, effects of ne- 
glected higher orders in the perturbation series, the treatment of electroweak 
radiative corrections, the experimental uncertainties of the SM parameters 
and of the strong coupling constant, the theoretical treatment of the heavy 
charm and bottom quarks in the initial and final states, and the procedure 
applied to derive nucleon PDFs from data involving heavier nuclei. For NC 
ep reactions, the dominant contribution to cross section uncertainties comes 
from the errors of the experimental measurements at lower and amounts 
to typically 3-8% in the region of high x and Higher orders of pQCD, 
electroweak radiative corrections, heavy-quark effects and errors of SM pa- 
rameters are demonstrated to affect the NC cross sections at the percent level 
or below, except in some restricted kinematic regions which are not of par- 
ticular relevance for the physics discussed in this book. For CC ep reactions, 
the SM predictioir requires us to disentairgle the u and d distributions (which 
contribute to the low-energy data maiirly iir the combiiration Au + d). As a 
consequeirce, the resulting uircertainties are larger thair iir the NC case and 
exceed 20% at > 2 x lO'^GeV^ or x > 0.5 for e+p scatteriirg. In addi- 
tioir, the determiiratioir of the d and u PDFs to date depeirds sensitively oir 
fixed-target data taken with deuterium targets, and, as pointed out recently, 
a consistent relativistic treatment of the deuteron may imply that the d/u 
PDF ratio does not tend to zero as x approaches unity (which is assumed 
in most contemporary PDF analyses). This effect may cause a significant in- 
crease of the predicted e+p CC cross section at high x (more than 20% for 
X > 0.5). 

Variations of the standard PDF scheme which have been suggested and 
could modify the high-x, high-Q^ cross sections include the addition of a small 
“hard” componeirt oc (1 — x)°'^ to the PDFs, and the concept of iirtrinsic 



6. Summary 193 



charm, which conjectures that the proton wave function contains a small 
fraction of valence-like (anti)charm quarks. These scenarios do not change 
the NC cross sections by more than 0(10%), but they may yield significant 
enhancements of the CC cross sections at high x, which are at the verge of 
the sensitivity reached by the HERA experiments. 

An exciting option is the interpretation of discrepancies between experi- 
mental data and the SM prediction in terms of new physics phenomena which 
are not included in the SM. Various such scenarios have been discussed in 
detail in their impact on the HERA cross sections and on a large spectrum 
of other processes, from parity violation in atoms at energy scales of eV to 
pp scattering at a center-of-mass energy of 1.8 TeV at the Tevatron. The 
most prominent of these scenarios are the resonant production of a new state 
(generically called a leptoquark, LQ) coupling to both electrons and quarks, 
the special case in which this LQ is the supersymmetric partner of a quark in 
an extension of the minimal supersymmetric model allowing for violation of 
the i?-parity, and a generalized class of new processes at mass scales beyond 
the HERA domain which effectively can be described in terms of contact 
interaction contributions to the HERA cross sections. 

Resonant LQ production at HERA causes a narrow peak in dcr/dx and is 
furthermore characterized by a harder distribution of the Bjorken variable y 
than DIS reactions with the same x, yielding DIS-like events with particularly 
high Q^. An LQ interpretation of the HERA excess events would imply an LQ 
with a mass of 200-225GeV coupling to valence quarks and positrons, i.e. 
having a fermion number F = 0. The LQ-quark-positron Yukawa coupling of 
such an LQ would be a few times 0.01. Severe constraints on LQ parameters 
from low-energy experiments and in particular from direct searches for LQ 
pair production at the Tevatron suggest that such an LQ should be scalar 
and have a low branching ratio for a decay into electron-quark final states. 
These requirements almost rule out any of the “classical” LQ types which 
respect SU(2 )l x U(1)y symmetry and only couple to leptons, quarks and 
gauge bosons. 

Squarks in supersymmetric models with i?-parity violation can have LQ- 
type couplings but are different from the LQs described above because they 
also decay in i?-parity-conserving modes and can hence have low eq branching 
ratios. The preferred scenarios would be the production of c or t squarks from 
d quarks or, less likely, the production of t squarks from s quarks. No CC- 
type events with the typical (H-l)-jet plus missing-Pt signature would be 
expected in these reactions. 

Contact interaction (Cl) contributions to the ep cross sections are calcu- 
lated from effective four-fermion interactions characterized by the ratio of a 
coupling constant, g, and a mass scale, A. They represent a valid asymptotic 
low-energy approximation to the exact description of a wide class of hypoth- 
esized phenomena, including the exchange of new heavy gauge bosons or of 
LQ-type states, or compositeness at large mass scales. Any Cl modifying 
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eq — > eg matrix elements also affects qq — > e+e” and e+e” — > qq scatter- 
ing and can hence be investigated at the Tevatron and LEP experiments. 
CIs are classified according to the chiralities and flavors of the fermions in- 
volved, and according to whether their interference with the SM amplitude 
is constructive or destructive. They mainly modify dcr/dQ^, typically giving 
rise to a marked enhancement at the highest and to a moderate deple- 
tion or excess at intermediate Q^, depending on the interference sign. CIs 
are quantified by fixing = 47 t and determining the effective mass scale A. 
Scenarios which have been suggested as explanations for the HERA excess 
events are parity-conserving (to avoid stringent constraints from measure- 
ments of atomic parity violation) and have A = 0(3~4TeV). However, the 
LEP and Tevatron experiments, which have recently increased their sensitiv- 
ity to effective mass scale values of typically 5-lOTeV, do not corroborate 
the existence of such CIs. 

The ZEUS and HI detectors have been designed with the goal to inves- 
tigate ep reactions in all their manifestations, with a high priority assigned 
to DIS at high . Both detectors consequently provide comprehensive mea- 
surements of the final states of these reactions, as far as they are accessible to 
detection techniques. The detectors have almost hermetic calorimetric cover- 
age, and yield precise tracking information in the central region. Neverthe- 
less, it required long and tedious work to understand the detector responses 
in detail, to calibrate the individual components and to optimize the anal- 
ysis methods for accuracy and efficiency. Many detailed investigations only 
became possible with the large data volumes recorded in 1996 and 1997. 
Both ZEUS and HI are now able to reconstruct the kinematic variables of 
DIS events with a precision at the few-percent level for NC reactions, and of 
typically 25% for CC reactions. Event selection efficiencies, potential back- 
grounds, detector-related reconstruction biases and the effect of initial-state 
photon radiation have been investigated in detail and in general are found to 
be well reproduced by the Monte Carlo simulation. 

Experimental results on high-Q^ DIS reported by ZEUS and HI comprise 
the distributions of kinematic variables and their comparison with SM expec- 
tations, the measurements and QCD analysis of singly and doubly differential 
NC and CC cross sections, tests of the electroweak aspects of the SM pre- 
dictions, and searches for eq resonance production and for Cl signatures. In 
addition, searches for i?p-violating squarks in decay modes other than to eq 
have been performed. 

Event distributions have played a central role in the analyses investigating 
the high-Q^ NC event excess in the 1994-96 data. Good agreement between 
measurements and predictions was found for < 15 000GeV^, but both 
ZEUS and HI observed more events than expected at higher Q^. The HI 
events clustered around x « 0.45, corresponding to an eq invariant mass of 
about 200 GeV. The probability to observe an excess of the observed or larger 
significance anywhere in the kinematic region under study was estimated to 
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be 1% for HI and 7% for ZEUS. The data taken in 1997 confirmed neither 
the patterns observed before nor the existence of an excess at all. The excess 
cross section is about 0.4 pb in the 1994-96 data and less than half of this 
value in the combined 1994-97 data sample. Significances for the 1994-97 
data sets have not been evaluated. 

Differential NC cross sections dcr/dQ^, dcr/dx and dcr/dy have been re- 
ported by ZEUS and HI and agree within errors with each other and with 
the SM predictions. A slight and not particularly significant excess is seen 
in da/d(5^ for > 20 000GeV^. The cross section da/dx shows perfect 
agreement with the SM prediction for > 400 GeV^, up to above 
lOOOOGeV^. However, the x intervals in these measurements are large, and 
would tend to wash out resonance-like structures. The doubly differential 
cross section d^a/{dxdQ'^) has been measured by HI in the kinematic region 
150 GeV^ < < SOOOOGeV^ and is found to be in good agreement with 

QGD fits based mainly on lower-Q^ fixed-target data. 

In the GG analyses, no significant discrepancies between prediction and 
observation have been found in the event distributions. Moderate data ex- 
cesses are present in the tails of the x and distributions. The singly dif- 
ferential cross sections with respect to x and y, as well as d? cr / {dx dQ^) , 
have been measured by ZEUS and HI. The results of both experiments agree 
with each other and with the SM prediction, except at high x and where 
the same slight mismatch between data and expectation as in the event dis- 
tributions is found. This discrepancy appears to be consistently explainable 
by an increased d quark distribution at high x, in accordance with a nonzero 
d/u ratio at x ^ 1 as suggested by reanalyses of deuterium structure function 
data and also by QGD arguments. 

Both collaborations have performed QGD fits with the twofold goal to test 
the agreement of their new high-Q^ data with those at lower and from 
fixed-target experiments, and to determine the uncertainty in the SM cross 
section prediction induced by the parton distributions. Very good agreement 
of the fit results with the measured NG and GG cross sections is found, both 
in the case where the input data to the fits are restricted to < 200 GeV^ 
and if the complete region covered by measurements is used. Over the full 
kinematic range, the HERA DIS data thus follow the pQGD evolution of 
structure functions measured at much lower energy scales. Even without using 
the GG data as input, the ZEUS fit results in an enlarged d quark density at 
high X which brings the GG data and QGD fit into good agreement also at 
the highest x and . In a complementary approach, HI has extracted the u 
and d PDFs at x = 0.25 and 0.4 from the measured doubly differential NG 
and GG cross sections, using the result of the QGD fit to correct for small 
contributions of other quark flavors. 

In addition to the QGD fits, ZEUS and HI have also extracted informa- 
tion about the lepton-quark couplings and their helicity structure and about 
the gauge boson masses from the DIS cross sections. The agreement of da /dy 
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and of the {1 — y)^ dependence of the doubly differential cross sections with 
the corresponding SM expectations confirms the angular dependence of the 
electron-quark scattering amplitude as predicted in the SM from the spins 
and chiral couplings of the reacting particles. Clear evidence for the presence 
of the Z propagator is found in the highest-Q^ NC data. The statistical preci- 
sion of these data is, however, not yet sufficient to determine the Z propagator 
mass from the subtle cross section modifications it induces. In CC DIS, the sit- 
uation is different since the cross section is directly proportional to the square 
of the W propagator. ZEUS has determined a W mass of 81.4+2.6 (stat.) ± 
2.0 (syst.) + 3 ;q (PDF) GeV from dtr/dQ^; HI finds a value of 80.9 GeV with 
similar errors. The good agreement of these results with the world average 
(Mw = 80.371 ± 0.03 GeV) adds to the consistent picture and constitutes 
an important new test of the SM in the kinematic region of large space-like 
virtualities. Whereas Mw is inferred from the shape of the differential cross 
section dcr/dQ^, its normalization (i.e. the total CC cross section) allows us to 
determine the Fermi constant, Gp. ZEUS has presented both measurements 
as an error ellipse in the {Mw, Gp) plane, which is found to be fully consistent 
with the corresponding world averages and the SM constraint relating Gp and 
Mw- In summary, all experimental evidence supports the validity of the SM 
in the kinematic realm explored by HERA. The HERA data are, however, not 
yet accurate enough to contribute significantly to the precision measurements 
of electroweak parameters performed at LEP, SLC and the Tevatron. 

The resonance-like pattern of the high-Q^ excess reported in 1997, which 
was particularly prominent in the HI data, has triggered a lot of detailed 
studies of the experimental and phenomenological aspects of eq resonance 
production at HERA, resulting in improved search analyses. QCD and QED 
radiation are found to introduce sizable biases in the reconstructed mass val- 
ues which strongly depend on y and on the reconstruction method. These 
biases tend to reduce the difference of the average masses assigned to the 
ZEUS and HI excess events. Nevertheless, neither ZEUS nor HI find con- 
vincing evidence for eq resonances in the NG- or GG-type decay channels, 
and report upper limits on the Yukawa coupling vs. mass of such objects. 
The scenario which has been suggested to explain the high-Q^ excess events 
(leptoquarks with a mass around 200 GeV and a coupling of a few times 0.01) 
is almost excluded by these new studies, even though these events still induce 
bumps in the HI limit curves. The e+p data are particularly sensitive to res- 
onances with fermion number E = 0, which can be excluded up to masses of 
270 -280 GeV if they have an electromagnetic coupling strength and exclu- 
sively decay to eq. Similar results are obtained by ZEUS from the 1998-99 
e~p data for resonances with |F| = 2 . The HERA sensitivity to LQs is found 
to exceed that of the Tevatron and LEP experiments for LQs with masses 
beyond about 240 GeV or with low branching ratios to eq. 

LQ resonances with other than eq decay modes could occur in supersym- 
metric models with violation of i?-parity, in which squarks could couple to 
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quarks and leptons. No evidence for squark production was found in searches 
for final states consisting of a lepton and multiple jets, which would be ex- 
pected for several squark decay modes, with branching ratios depending on 
the parameters of supersymmetry. Some excitement was caused by the HI 
observation of an unexpectedly high rate of events with an isolated muon, 
missing transverse momentum and at least one jet, which could be assigned 
to stop production with subsequent decay into a sbottom (going to vq) and 
a W disintegrating into /«/. However, this interpretation is contradicted by 
the absence of signal events in the corresponding hadronic W decay channel 
and in the ZEUS data. 

Searches for indications of CIs in the NC data have been performed by 
ZEUS and HI, based on the event distribution in (x, y) and on the cross sec- 
tion da/dQ^, respectively. No significant evidence for the existence of eg CIs 
was found, and 95% C.L. exclusion limits in the range 1.3-5.5TeV have been 
placed on the effective mass scales. None of the investigated Cl scenarios is 
able to explain the high-Q^ data while simultaneously remaining compatible 
with the lower-Q^ data. The HERA Cl limits are similar in magnitude to 
those recently published by the Tevatron and the LEP experiments. How- 
ever, these results are complementary with respect to the quark flavors to 
which the CIs couple: the HERA and Tevatron analyses are predominantly 
sensitive to CIs of first-generation quarks, whereas the LEP studies assume 
quark flavor symmetry. 

To conclude, the SM once more proves to be successful in predicting cross 
sections in unexplored regions. All HERA high-Q^ data are in good agree- 
ment with the expectations, except at the highest x and Q^, where moder- 
ately significant indications of a cross section excess are observed. Currently, 
it is impossible to decide whether ZEUS and HI have had a first glimpse at 
new physics phenomena, or whether they observed a conspiracy of statisti- 
cal fluctuations. Further clarification is expected from enlarged data samples 
to be available in the forthcoming years, in particular from the year 2001 
onwards, when HERA will resume operation after a major upgrade and in- 
creased event rates as well as longitudinal electron beam polarization will 
become available to the experiments. We look forward with enthusiasm and 
excitement to the future of particle physics research in the realm of high- 

deep inelastic scattering, to possible discoveries and surprises, and to 
high-precision measurements assessing those effects which are currently still 
hidden behind statistical uncertainties. We hope that this book may serve as 
a sound basis and guide in pursuing these investigations, and are curious to 
find out whether the results available in a few years’ time will fit into the 
framework it describes. 
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- in hadron-hadron reactions 35 

- in leptoquark searches 160 

- invariant jet mass 165 

- in photoproduction 2, 48, 87, 105 

- signature in ep reactions 63, 
177 

- at Tevatron 35, 49 

kinematic reconstruction see analy- 
sis techniques 

kinematic variables see deep inelas- 
tic scattering 

L3 see experiments 
LEP see accelerators 
lepton flavor universality 17, 58 
leptoquarks (LQs) 

- experimental constraints 

- from atomic parity violation 57 

- - from CDF 58 

- - from D0 58, 59, 170, 173 
--from HI 56,115,161-164,168- 

172, 184 

- - from LEP 169-171 

--from ZEUS 56,115,161-164, 
168-171 

- mass reconstruction 160, 165-167 

- MC simulation 57, 87, 88, 159, 
161-163, 167 

- phenomenology see new physics 

- radiative effects 55, 56, 158, 160, 
161, 165-167 

- signatures in ep scattering 55, 57, 
159 

LHC 189 

local parton-hadron duality 48 
luminosity 

- integrated 5-6, 187 

- measurement see HI detector and 
ZEUS detector 

Lund string fragmentation 47, 88 

missing transverse momentum 10, 
102, 140 
models 

- beyond standard see new physics 

- fragmentation 

- cluster 48, 88 

- Lund string 47, 88 

- Glashow-Salam-Weinberg (GSW) 
4 

- quark-parton (QPM) 1, 4, 8-10, 
13-14, 18-20 



— Regge 2 

— standard (SM) 2 

— DIS 13-30 

— ep cross sections see electron- 
proton cross sections 

— history 4-5 

— parameters 30-31 

— QGD see QGD 

— relation between Mw and Gf 
156 

— use of the term SM prediction 
116 

— supersymmetry (SUSY) see new 
physics 

Monte Garlo (MC) simulation 

— comparison to experimental distri- 
butions 109-112 

— cos 9* for Mvi > 200 GeV (e"*"p 
GC data) 163 

— cos 6* for Mej > 210 GeV (e"*"p 
NG data) 162 

— electron variables (NC data) 
109, 110 

— global variables 110 

— hadronic variables (CC data) 
112, 113 

— hadronic variables (NC data) 
110, 111 

— high-Q^ CC event numbers {e'^p) 
139 

— high-Q^ NC event numbers {e'^p) 
123, 124 

— invariant e-l-jets mass 174 

— M (high-Q^ e~^p NC data) 120, 
121 

— Mej {e'^p NC data) 162 

— - M^j (e+p CC data) 163 

— (high-Q^ e'^p CC data) 138 

— (high-Q^ e~^p NC data) 119, 

120 

— detector simulation 88-89 

— accelerator effects 89 

— approximations 88-89 

— geometry 88 

— noise 89 

— overlays 89 

— shower treatment 88 

— signal generation 88 

— vertex distribution 89, 127 

— event generation 87-88 

— background processes 104, 113, 
127 

— contact interactions 88, 179 

— DIS hadronic final state 47-48, 
127 



Index 233 



- DIS reactions 87 

- - hadronization 88 

- - leptoquark production 57, 87, 

88, 159, 161-163, 167 

- muon pair production 176, 177 

- iip-violating squark production 
87 

-- W production 176, 177 

- experiments (MCEs) 124, 181 

- programs 

- - ARIADNE 47, 87, 88, 127, 140 
-- DJANGO 87,88,126 

- - EPVEC 87 
-- GEANT 88,89 

- - HERACLES 30, 87, 88, 126 

- - HERWIG 48, 87, 88 

- - JETSET 48, 88 

- - LEGO 87 

- - LEPTO 87, 127, 140 

- - LEPTO, MEPS option 47, 88 

- - LPAIR 87 

- - PYTHIA 87, 88 
-- SPYTHIA 87 

- summary table 87 
-- SUSSEX 87 

- trigger simulation 89 

- uncertainties 

- due to migration effects 121 

- of simulated distributions 121 

- statistical 121 

- use in analyses 89 

NA51, Drell-Yan data (pp/pd) 35 
narrow-width approximation (NWA) 
55, 161, 168 
Ne’eman, Yuval 4 
neutral current 

- data see experimental data, deep 
inelastic scattering (NC) 

- electroweak radiative corrections 
126 

- ep cross sections see electron- 
proton cross sections, deep inelastic 
scattering (NC) 

- eg cross sections see cross sec- 
tions, electron-quark 

- event selection see analysis tech- 
niques 

- HERA results see HI results and 
ZEUS results 

- scattering see deep inelastic scat- 
tering, electron-proton 

- weak coupling constants 15, 152, 
155 

neutrino as generic term 1 
neutrinoless double-beta decay 



— constraints on Rp-violating 
squarks 62, 175, 176 

new physics 

— alternative Higgs sector 72 

— color-sextet quarks 72 

— compositeness 70-71 

— event topologies 71 

— excited fermions 71, 158 

— form factor description 71 

— preons 70 

— contact interactions (CIs) 64-69 

— applicability at HERA 64 

— CC reactions 67, 68 

— and compositeness 64 

— constraints from atomic parity vi- 
olation 67, 68, 178, 184 

— cross section at HERA see 
electron-proton cross sections 

— discovery potential at HERA 
186 

— as effective four-fermion interac- 
tion 64 

— effective mass scale 64 

— in e"*'e~ scattering 66-69 

— experimental constraints 67-68 

— experimental searches 68 

— helicity composition 70 

— interference with SM 64, 67 

— Lagrangian 64 

— in neutrino-nucleon reactions 
67 

— parity-conserving 67, 68, 70 

— phenomenology at HERA 65, 
158 

— in pp scattering 67-69 

— purely chiral scenarios 68, 178 

— quark generations 69, 186 

— relation to leptoquarks 184 

— scenarios 68-70 

— sign convention 186 

— SU(2)l X U(1)y symmetry 67, 
68, 70 

— definition 52 

— extra dimensions 71-72 

— gravitational mass scale 71 

— and Newton’s law 71 

— signature at HERA 72 

— leptoquarks (LQs) 53-60 

— bounds on masses and couplings 
57-59 

— branching ratios 55, 56, 60, 159, 
170 

— CC-like decay mode 160, 161, 
166, 167 

— classification 55, 158 



234 Index 



— constraints from low-energy phe- 
nomena 57, 59 

— cross section at HERA see 
electron-proton cross sections 

— decay width 56 

— discovery potential at HERA 
169, 173 

— fragmentation 57 

— as generic term 158 

— lepton flavor violation 58, 158 

— name conventions 54, 55 

— - NC-like decay mode 160 

— pair production in pp reactions 
58 

— phenomenology at HERA 53, 
184 

— and 7T^ decay 58 

— production at HERA 55-57, 
158-173 

— QED and QCD radiative correc- 
tions 57, 158, 160, 161, 165-168 

— quark flavors 168, 169 

— relation to contact interactions 
184 

— s-channel production 53 

— - scalar 55, 57, 58 

— in SM extensions 53 

— table of properties 54 

— u-channel exchange 53 

— unconventional 55 

— vector 55, 58 

— supersymmetry (SUSY) 60 

— lightest neutralino (y°) 173 

— lightest supersymmetric particle 
(LSP) 60 

— minimal model (MSSM) 60 

— pair production of SUSY particles 
at HERA 158 

— _R-parity 60 

— supersymmetry, Rp-violating 

60-63 

— baryon and lepton number viola- 
tion 61 

— CC-type final state 61, 63 

— constraints from low-energy phe- 
nomena 62, 175, 176 

— decay modes 63 

— experimental searches 63 

— flavor-changing neutral currents 
62 

— Lagrangian 61 

— lepton flavor violation 62 

— - phenomenology at HERA 62 

— - signature 63, 176 

— slepton production 61 



— squark cascade decays 173, 174, 
176 

— squark decay modes 61, 172 

— squark production at HERA 61, 
158, 172 

— squarks 61, 62 

— stop squarks 63, 169, 176 

— wrong-sign signature 174 

— Yukawa couplings 60, 61 
NMC see experiments 

nuclear effects in DIS 34, 148, 149, 
152 

nucleon 

— radius 4 

— substructure 4 

nucleus, weak charge 68, 184 

u) method 97 
OPAL see experiments 

parity violation 4, 155 
parton 4 

— momentum fraction 14 
parton distributions 4, 13-17 

— charm quarks 34 

— difference between NLA and NLLA 
41,42 

— experimental information 

— in CC data 147 

— d and u densities 34, 150 

— d/u 35 

— gluon density 35 

— s density 34 

— as experimental observables 20 

— gluon density 38 

— Gottfried sum rule constraint 34 

— heavy quarks 27, 28, 148 

— intrinsic charm 51, 52, 150 

— isospin symmetry between proton 
and neutron 34 

— nonsinglet distributions 21 

— nonstandard scenarios 49-51 

— parameterizations 

— by Bodek and Yang 44, 141, 
143, 151, 152, 161, 163 

-- by Botje (ZEUS) 40 

— by CTEQ collaboration 28, 34- 
37, 41, 42, 44, 45, 49, 50, 128, 141, 
144-146, 150, 151, 162, 163, 181, 
182 

— experimental uncertainties 40 

— htting procedure 36-37 

— flavor-asymmetric sea 36 

— free parameters 36 

— by Gliick, Reya and Vogt (GRV) 
27, 37, 181 



Index 235 



- heavy quarks 27-28, 45 

- high- a; Ijehavior 36, 42, 150, 152 

- low- a; behavior 36 

- by Martin, Roberts and Stirling 
(MRS) 27, 36-39, 44, 45 

- by Martin, Roberts, Stirling and 
Thorne (MRST) 28, 34, 36, 37, 
141, 143, 163, 181 

- modihcation of Wv and dv at high 
X 43,44,50,51,141,147 

- at Qo 36 

- quantitative discussion 38-39 

- sum rule constraints 36-37, 148 

- treatment of correlated errors 

36 

- - typical values 37 

- uncertainties 37, 121, 129, 131, 
132, 137-139, 142, 144 

- usage of ZEUS and HI results 

37 

- dependence 14, 20, 39, 147 

- and spatial resolution 21-22 

- ratio d/u 38,42,44,51,144,150- 
152 

- QCD prediction for a: — > 1 43 

- sea quarks 21, 38, 39 

- singlet distribution 21, 36, 42 

- strange quarks 34, 40, 148, 149 

- universality 22 

- valence quarks 21, 38, 42, 141 
parton shower see QCD 
PDFs see parton distributions 
PETRA 5 

photoproduction 1, 2, 48, 87, 105, 
106, 112, 113, 140, 141 

- direct 105 

- resolved 105 
Planck mass 71 
preons 70 

prompt photon production 105, 106 
proton remnant 6, 9, 48, 57, 93, 136 
pseudorapidity [t]) 9 

QCD 2, 5 

- active flavors 22, 26 

- asymptotic freedom 23 

- BFKL equations 25 

- boson-gluon fusion (BGF) 27 

- coefficient functions 24 

- for boson-gfuon fusion 27 

- - for 25 

- coupling constant (as) 13 

- dependence on number of active 
flavors 27 

- measurements 35 

- dependence 23 



- running 22 

- value 35, 148, 149 

- and DIS cross sections 18-28 

- evolution equations 5, 20-21 

- calculation in QCDNUM package 
148 

- treatment of heavy quarks 27- 
28, 148 

- validity range 23 

- factorization scale 19, 26, 41, 43 

- choice 20, 149 

- factorization scheme 24 

- DIS scheme 24 

- mix ing of different schemes 41 

- MS scheme 24 

- factorization theorem 19, 48 

- generalized 28 

- hts see QCD fits 

- hxed-flavor-number scheme 

(FENS) 27, 28, 34 

- validity range 27 

- hadronization 47, 48, 57, 88 

- hard scale 23 

- higher twist 13, 25-26, 40, 50, 51, 
148, 149 

- higher-order corrections 23-25, 
41 

- K factor 26 

- leading-log approximation (LLA) 
23-25 

- massless evolution 27 

- next-to-leading order (NLO) 25 

- next-to-leading-log approximation 
(NLLA) 24, 25 

- next-to-next-to-leading-log approx- 
imation (NNLLA) 25 

- nonperturbative soft physics 23 

- on-mass-shell scheme (ACOT) 28 

- operator product expansion 25 

- parton shower 47, 48 

- ARIADNE simulation 47, 87, 88, 
127, 140 

- color dipole 47 

- MEPS simulation 47, 88 

- and QCD evolution 47 

- perturbative (pQCD) 13 

- and hadronization 47 

- parton showers 47 

- series to 0(a()) 24 

- process dependence of cross sec- 
tions 22 

- radiation 

- in formation of hadronic system 
6,9,47 



236 Index 



— in leptoquark production 55, 56, 
160, 165, 166 

— renormalization group equation 
(RGE) 22 

— and heavy quarks 26 

— renormalization scale 22, 26, 41, 
43 

— choice 22, 149 

— scale dependence 26 

— scaling 4 

— violation 5, 32, 133 

— splitting functions 21 

— splitting processes 21 

— maximal transverse momentum 
22 

— and the uncertainty principle 22 

— sum rules 

— Gottfried 34 

— momentum 36 

— valence quark numbers 36 

— target-mass effects 25, 148 

" variable-flavor-number scheme 

(FFNS) 27, 28, 34, 45 

— variable-flavor-number scheme 

(VFNS) 148 

— in HFRA high-Q^ analyses 28 

— validity range 27 

— virtual corrections 22 
QGD fits 36 

" by Botje see by ZFUS 

— fit method 149 

— by HI 127, 128, 133-135, 141- 
143, 147-154 

— data used 148, 149 

— input parameterizations 148 
- low-Q^ fit 134, 148-151 

— photon-exchange fit 133, 135, 
148, 152-154 

— QCD evolution 148 

— by ZFUS 40, 42, 44, 141-152 

— data used 148, 149 



— input parameterizations 


148 


QCDNUM package 148 




QFD 




- fine-structure constant (a) 


16, 19, 


152 




— running 30 




— theoretical uncertainties 


31,46 



— value 31 

- radiation 9 

QFD-Compton process 28, 29 
quantum chromodynamics see 
QCD 

quantum electrodynamics see QFD 
quark 



- distributions see parton distribu- 
tions 

quark-parton model (QPM) 1, 4, 8- 
10, 13-14, 18-20 
quarks 

- bottom (6) 

-- in CC DIS 17-18 

- contributions to high-Q^ DIS 
28, 44, 45 

- discovery 4 

- in NC DIS 16 

- charm (c) 

- in CC DIS final state 17 

- in CC DIS initial state 45 

- contributions to high-Q^ DIS 
28, 44, 45 

- discovery 4 

- in NC DIS 16, 34 

- color sextet 72 

- composite 64, 71 

- heavy 26-28, 44, 149 

- in CC DIS initial state 17 

- contributions to high-Q^ DIS 
28,45 

- in NC DIS initial state 16, 45 

- identification with partons 4 

- masses 26, 40, 55 

- postulation 4 

- sea 21, 36, 38, 39 

- top (t) 16 

-- in CC DIS 17-18 

- contributions to high-Q^ DIS 28 

- mass 30 

- in NC DIS 16 

- produced in leptoquark decays 
169 

- produced in squark decays 176 

- production at HERA 178 

- top discovery 30 

- valence 21, 36, 38, 42, 56, 61, 141, 
151, 169, 184 

- weak couplings 15 

radiative corrections 

- for contact interactions 65, 179 

- in cross section analyses 126, 128, 
140, 141 

- electroweak see electroweak ra- 
diative corrections 

- in leptoquark production 158, 
160, 161, 165-168 

reduced cross section 

- charged-current 40-43, 144-146, 
150, 151, 153 

- neutral-current 40-43, 133-135, 
150, 151, 153 



Index 237 



Regge model 2 
renormalization see QCD 
Rutherford, Ernest 3 

scaling see QCD 
S method 95, 96 
SLAC 1,4,31,32,51 
SLD 30, 31 

spatial resolution 21-22, 71 
standard model (SM) see models 
strong coupling constant see QCD, 
coupling constant 
structure functions 4 

- CC 16 

- contributions of heavy quarks 27 

- first measurements 4 

- higher-twist contributions 26 

- longitudinal (^l) 25 

- measurements at HERA 2, 40 

- NC 15 

- charm (^1) 28 

- Ti measurements 33 

- Ti ratio neutron/proton 42-44 

- measurements at HERA 23 

- neutron 42 

- NLLA corrections 24 
sum rules see QCD 
supersymmetry 

- phenomenology see new physics 

- search for Rp-violating squarks 

- - by ALEPH 63 

- - by CDF 63 

- - by D0 63 

- by HI see HI results 

- by OPAL 63 

- - by ZEUS see ZEUS results 

tensor currents 72 
TESLA 189 
Tevatron see accelerators 
top quark see quarks, top 

UA2, W cross section 35 
unfolding 99, 107, 126, 179 
unification of electromagnetic and 
weak forces 2, 39 

U— A theory 4,18 

- tensor admixtures 72 

variable-flavor-number scheme 

(YENS) 27, 28, 34, 45 

W and Z production 105, 106 
WA70, prompt-photon data 35 
weak coupling constants 4 

- charged-current 16, 152, 155 



- neutral-current 15, 152, 155 
weak isospin 15 

weak mixing angle 4, 15 

- dependence 30 

- value 31 

Weinberg angle see weak mixing an- 
gle 



ZEUS 1, 5 

— coordinate system 8 

— detector see ZEUS detector 

— event display of high-Q^ CC event 
9, 11 

— high-Q^ and search analyses 

— J?p-violating squark searches 
173, 174 

— background see deep inelastic 
scattering, background sources at 
HERA 

— CC event selection 102-104, 140 

— contact interactions 179-181 

— data samples 107-109 

— effect of ISR on kinematic recon- 
struction 99, 165 

— electron energy calibration 99, 
100 

— electron identification 91, 92, 
109 

— kinematic reconstruction see 
analysis techniques 

— kinematic resolution 98, 99 

— leptoquark mass reconstruction 
160, 165 

— leptoquark mass resolution 160 

— leptoquark searches 159-161 

— NC event selection 101-102 

— PDFs used 37 

— resolution 96 

— trigger requirements 86, 87, 127, 
140 

— use of tracking detectors 81 

— kinematic range for DIS 32 

— results see ZEUS results 
ZEUS detector 

— backing calorimeter (BAC) 76 

— beam pipe calorimeter (BPC) 77 

— central drift chamber (CTD) 74 

— active volume 81 

— axial layers 81 

— AE/dx measurement 81 

— design 81 

— operation parameters 82, 83 

— stereo layers 81 

— super layers (SLs) 81 

— z-by-timing measurement 81 



238 Index 



- electron hadron separator (HES) 
76 

“ forward plug calorimeter (FPC) 
75 

- forward tracking detector (FDET) 

74 

luminosity monitor 77, 82-84 

- detector components 83 

- photoproduction identification 
105 

- systematic uncertainties 84 

- magnetic field 74, 81 

- muon detectors 77 

- overview 74-77 

- presampler 75 

- rear tracking detector (RTD) 74 

- schematic overview 75 

- silicon micro-vertex detector 
(MVD) 74, 188 

- small angle rear tracking detector 
(SRTD) 75 

- straw tube tracker (STT) 188 

- tracking components 74 

- trigger system 84-85 

- DST-bit selection 85 

- event builder 85 

- hrst-level trigger (FLT) 84, 86 

- second-level trigger (SET) 85, 
86 

- - third-level trigger (TLT) 85, 86 

- upgrade for HERA2000 operation 
6, 188 

- uranium calorimeter (CAL) 74, 

75 

- barrel part (BCAL) 74 

- cells 78 

- compensation 75, 78 
-- design 78-79 

- electromagnetic energy calibra- 
tion 79-81, 99, 100, 127 

- electromagnetic layer (EMC) 78 

- - forward part (FCAL) 74 

- hadronic energy calibration 79, 
80, 140, 155 

- - hadronic layers (HAC) 78 

- modules 78 

- operation parameters 80 

- position measurement 78 

- - readout 78, 79 

- rear part (RCAL) 74 

- test beam measurements 80 

- time measurement 79 

- vertex detector (VXD) 74 
ZEUS results 



— CC deep inelastic scattering 133- 
147 

— ii?(j/dxAQ^ {e^p) 144 

— distribution of cos 9* for > 

200GeV(e+p) 161,163 

— distribution of (e^p) 161, 

163 

— distribution of (e"*"p) 137, 

138 

— distribution of x (e"*"p) 139 

— dcr/dQ^ (e+p) 115, 116, 141, 

142, 154, 156 

— dcr/dQ^ (e^p), comparison to HI 
130, 141 

— Aa/AQ^ (e~p) 115 

— Ao/Ax (e+p) 141, 143, 153, 154 

— Aa/Ay (e'^p) 144 

— ht of Mw and Gf 155-157 

— high-Q^ event distributions {e'^p) 
136-138 

— high-Q^ event numbers (e'^p) 
137, 139 

— reduced cross sections (e'^p) 
144-146 

— systematic uncertainties 140 

— W mass determination 155-157 

— compositeness radius 71 

— contact interaction searches 179, 
181-186 

— effect on and x distributions 
181, 183 

— exclusion limits 181, 182, 184, 
185 

— log-likelihood functions 180 

— purely chiral scenarios 178 

— electroweak measurements 152- 
157 

— estimate of PDF uncertainties 37 

— excited fermion searches 71 

— hadronic hnal state 48 

— lepton flavor violation searches 58 

— leptoquark searches 56, 115, 161- 
164, 167-173 

— coupling limits {e'^p, F = 0) 

168, 170 

— coupling limits (e“p, F = 2) 

169, 171 

— lepton-flavor-violating channels 
58 

— upper limits on production cross 
section 168 

— NC deep inelastic scattering 116- 
125, 128-133 



Index 239 



compatibility of high-Q^ excess 
with HI data and resonance in- 
terpretation 165-167 
distribution of cos 0* for Mej > 
210GeV(e+p) 161,162 

distribution of Mej (e'^p) 161, 

162 

distribution of Qda (e^p) 120 

da/dQ^ (e+p) 115, 116, 128, 

129 

da/dQ^ (e^p), comparison to HI 
128, 130 

da/dQ^ (e~p) 115 

do /dx (e^p) 130, 131 

do/dy (e'^p) 132 

1^2 31, 33, 149 

^2 34 

high-Q^ event distributions (e'^p) 
117-125 



— high-Q^ event excess (e"*"p) 116, 

117, 124, 132, 167 

— high-Q^ event numbers {e'^p) 
122, 123 

— high-Q^ excess cross section (e"*"p) 
122, 128 

— high-Q^ “signal region” (NC) 
117, 124, 167 

— probability of high-Q^ event ex- 
cess 124, 125 

— sensitivity to Z exchange 153, 
154 

— systematic uncertainties 121, 
127 

— events 177 

— QCD fit see QCD hts, by ZEUS 

— iip-violating squark searches 63 

— coupling limits 174, 175 

— non-LQ-like decays 173-178 



